Louisiana State University

LSU Digital Commons
LSU Historical Dissertations and Theses

Graduate School

1999

Metals Release From Freshwater and Estuarine Sediments in
Thin-Disk Leaching Columns.
Tommy Eldridge Myers
Louisiana State University and Agricultural & Mechanical College

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses

Recommended Citation
Myers, Tommy Eldridge, "Metals Release From Freshwater and Estuarine Sediments in Thin-Disk Leaching
Columns." (1999). LSU Historical Dissertations and Theses. 6952.
https://digitalcommons.lsu.edu/gradschool_disstheses/6952

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It
has been accepted for inclusion in LSU Historical Dissertations and Theses by an authorized administrator of LSU
Digital Commons. For more information, please contact gradetd@lsu.edu.

INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI films the
text directly from the original or copy submitted.

Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality o f the copy
submitted.

Broken or indistinct print, colored or poor quality illustrations and

photographs, print bleedthrough, substandard margins, and improper alignment
can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete manuscript and
there are missing pages, these will be noted. Also, if unauthorized copyright
material had to be removed, a note will indicate the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by sectioning
the original, beginning at the upper left-hand comer and continuing from left to
right in equal sections with small overlaps. Each original is also photographed in
one exposure and is included in reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white photographic
prints are available for any photographs or illustrations appearing in this copy for
an additional charge. Contact UMI directly to order.

Bell & Howell Information and Learning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

METALS RELEASE FROM FRESHWATER AND ESTUARINE
SEDIMENTS IN THIN-DISK LEACHING COLUMNS

A Dissertation
Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
in
The Department of Civil Engineering

by
Tommy E . Myers
B.S., University of Southern Mississippi, 1972
M.S., Mississippi State University, 1984
May 1999

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

UMI Number: 993 6104

UMI Microform 9936104
Copyright 1999, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ACKNOWLEDGEMENTS

"Before me the path diverged in the wood.

I chose the one

less traveled by, and that has made all the difference."'
Robert Frost.
Scientific investigation involves interaction with
many people.

It is therefore appropriate that I

acknowledge the support of family, teachers, co-workers,
and my faithful patron —

the U.S. Army Corps of Engineers

(USACE) .
Karen Myers provided longstanding support and
encouragement.

That I should write a dissertation was

fully expected by her.

Mary Jane Myers-Runyon taught me

that science in its purest form is fun.

My father, the

late Milner Howard Myers, Sr., supported self-improvement
through formal education and expressed this sentiment in
deed and word, although his formal classroom experience
ended in 1912 while in the fourth-grade.
Many professors influenced the path that brought me
to write this dissertation.

Charles R. Brent, John H.

Bedenbaugh, Howard P. Williams, and the late Billy Joe
Grantham at the University of Southern Mississippi
encouraged me as an undergraduate.

I am indebted to

Donald 0. Hill, Mississippi State University, for
introducing me to transport phenomena.
ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

I thank members of my dissertation and research
committee at Louisiana State University and Agricultural
and Mechanical College for their patience and many helpful
discussions.

Louis J. Thibodeaux and D. Dean Adrian,

major professor, reinforced and expanded my introduction
to theoretical engineering analysis.

The late Yalcin A.

Acar introduced me to Gouy-Chapman theory, a key element
of the theoretical framework needed to solve the estuarine
sediment leaching problem.

Marty E. Tittlebaum, major

professor until taking a faculty position at another
university, and Robert P. Gambrell, minor professor,
provided consistent direction, encouragement, and
constructive guidance during the course of my studies and
research at LSU.

W. David Constant and John Pardue

stepped in to help guide completion of the dissertation.
I am grateful to Seth F. Oppenheimer, Mississippi
State University, for solving the new initial-boundary
value problem for leaching of estuarine sediments.
Over the years, I have benefited greatly from my
association with co-worker James M. Brannon, trusted
colleague and friend.

Co-workers Barbara Tardy, Dan

Townsend, and Melody Currie, are due special thanks for
their assistance.

Malida Vitaya-Odum prepared the final

form of the figures and graphs, and my son, Seth Myers,
prepared the initial version of the data graphs.
iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The USACE funded a year long absence from my official
duties at the U.S. Army Engineer Waterways Experiment
Station (WES), Vicksburg, MS to pursue course work and
supervised research at LSU.

In addition, the USACE funded

this dissertation as part of the Long-Term Effects of
Dredging Operations (LEDO) Research Program.

The LEDO

program manager, Robert M. Engler, and LEDO technical
monitors, Joe Wilson and David Mathis, were instrumental
in obtaining funding for this dissertation.
The USACE and WES management committment to staff
development through advanced academic study made this work
possible.

I thank Danny Averett, my interim acting first-

line supervisor, for including completion of this
dissertation in my performance evaluations.

Special

thanks to Norman R. Francingues, Jr. for a management
style under which I have prospered professionally.

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLE OF CONTENTS

ACKNOWLEDGEMENTS .................................... ii
LIST OF TABLES ..................................... vii
LIST OF FIGURES ..................................... ix
ABSTRACT .........................................

xiii

CHAPTER 1: INTRODUCTION ..............................
1.1 Background
..............................
1.2 Confined Disposal Facility Technology ........
1.3 Research N e e d ..............................
1.4 Study Objectives and Organization ...........

1
1
2
12
14

CHAPTER 2: REVIEW OF DREDGED MATERIAL LEACHING.......
2.1 Introduction ...............................
2.2 CDF Field Studies ..........................
2.3 Laboratory Studies .........................
2.4 Processes Affecting Leachate Quality ........
2.5 Mass Transport Theory ......................
2. 6 Summary ....................................

17
17
18
27
41
50
55

CHAPTER 3: METALS RELEASE FROM FRESHWATERSEDIMENT
3.1 Introduction ...............................
3.2 Theory .....................................
3.3 Materials and Methods ......................
3.4 Results ....................................
3.5 Discussion ................................
3.6 Summary and Conclusions ...................

56
56
57
70
78
130
143

CHAPTER 4: METALS RELEASE FROM ESTUARINE SEDIMENT ___
4.1 Introduction ..............................
4.2 Theory....................................
4.3 Materials and Methods .....................
4.4 Results ...................................
4.5 Discussion ................................
4.6 Summary and Conclusions ...................

144
144
145
156
162
212
222

CHAPTER 5: SUMMARY AND CONCLUDING REMARKS

224

........

REFERENCES ......................................... 231
APPENDIX A: TRACER STUDIES .........................

245

APPENDIX B: PHOTOGRAPHS ............................

261

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

APPENDIX C: PARTICLE SIZE ANALYSIS .................

267

V I T A ..............................................

277

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF TABLES

2.1.

Site Characteristics for Yu et al. (1978)
CDF Study...................................... 19

2.2.

CDF Leachate Quality..........................

26

2.3.

Fraction Metal Leached in Anaerobic Sequential
Batch Leach Tests .............................

40

3.1.

Freshwater Sediment Physical Properties ........

73

3.2.

Freshwater Sediment Metal and Total Organic
Carbon (TOC) Concentrations ...................

74

Detection Limits for Buffalo River and Hamlet
City Lake Sediment Leachates ..................

77

Column Operating Parameters for Buffalo River
and Hamlet City Lake Leach Tests ..............

79

Summary of Freshwater Sediment Metals
Leaching Trends ..............................

100

3.3.
3.4.
3.5.
3.6.

Root Mean Square (RMS) Values and F Statistics
for Model Fits to Buffalo River Elution Curves . 103

3.7.

Root Mean Square (RMS) Values and F Statistics
for Model Fits to Hamlet City Lake Elution
Curves ........... •..........................

112

3.8.

Fitted Parameter Values for Buffalo River
Sediment and the Film/Retardation Model ....... 123

3.9.

Fitted Parameter Values for Hamlet City Lake
Sediment and the Film/Retardation Model ....... 124

3.10. Fitted Retardation Model Parameters for Buffalo
River and Hamlet City Lake Sediments .......... 125
3.11. Comparison of Fitted Initial Mobile Water Metal
Concentration and Calculated Concentration at
the Immobile Water-Sediment Interface ......... 129
4.1.

Estuarine Sediment Physical Properties ........

159

4.2.

Estuarine Sediment Metal and Total
Organic Carbon (TOC) Concentrations ..........

160

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4.3.

Column Operating Parameters for Pinole
Shoal and Outer Oakland Leach Tests ........... 163

4.4.

Silicon in Ashed Suspended Solids in
Estuarine Sediment Leachate ..................

172

4.5.

Root Mean Square (RMS) Values and F Statistics
for Model Fits to Pinole Shoal Elution Curves .. 195

4.6.

Root Mean Square (RMS) Values and F Statistics
for Model Fits to Outer Oakland Elution Curves . 196

4.7.

Fitted Parameter Values for Pinole Shoal
Sediment and the Complete-Mix Model ........... 207

4.8.

Fitted Parameter Values for Pinole Shoal
Sediment and the Advection-Dispersion Model .... 208

4.9.

Fitted Parameter Values for Outer Oakland
Sediment and the Complete-Mix Model ........... 209

4.10. Fitted Parameter Values for Outer Oakland
Sediment and the Advection-Dispersion Model .... 211
4.11. Chemical composition and Stoke's Law Diameters
for Colloids Leached from Pinole Shoal and
Outer Oakland Sediments ......................

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

214

LIST OF FIGURES

1.1. Confined Disposal Facility Siting Locales .......

5

1.2. Groundwater-CDF Interactions .................... 6
1.3. Typical Dike Detail for CDFs in the Great Lakes .. 9
2.1. Desorption Isotherms for a Freshwater Sediment .. 32
2.2. Processes Affecting Leachate Quality in CDFs ....

43

2.3. Typical Sequential Batch Leaching Pattern for
Estuarine Sediments ........................... 46
2.4. Desorption Isotherm Illustrating Non-Constant
Partitioning .................................

48

3.1. Freshwater Sediment Vicinity Maps .............. 72
3.2. Thin-Disk Column Leaching Apparatus ............

75

3.3. Column Leachate pH and EC for Buffalo River
Sediment ...........

81

3.4. Column Leachate pH and EC for Hamlet City Lake
Sediment .....................................

82

3.5. Total Organic Carbon Elution Curves for Buffalo
River and Hamlet City Lake Sediments ..........

83

3.6. Copper and Chromium Column Elution Curves for •
Buffalo River Sediment ........................

85

3.7. Manganese and Iron Column Elution Curves for
Buffalo River Sediment ........................

87

3.8. Nickel and Cadmium Column Elution Curves for
Buffalo River Sediment ........................

89

3.9. Lead and Zinc Column Elution Curves for
Buffalo River Sediment ........................

91

3.10. Copper and Chromium Column Elution Curves for
Hamlet City Lake Sediment .....................

93

3.11. Manganese and Iron Column Elution Curves for
Hamlet City Lake Sediment .....................

95

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3.12. Nickel and Cadmium ColumnElution Curves for
Hamlet City Lake Sediment
.............

97

3.13. Lead and Zinc Column Elution Curves for
Hamlet City Lake Sediment
.............

99

3.14. Fitted and Observed Copper Elution
Curves for Buffalo River Sediment ............. 105
3.15. Fitted and Observed Chromium Elution
Curves for Buffalo River Sediment .............
3.16.

106

Fitted and Observed Iron Elution
Curves for Buffalo River Sediment .............

107

3.17. Fitted and Observed Manganese Elution
Curves for Buffalo River Sediment ............

108

3.18. Fitted and Observed Nickel Elution
Curves for Buffalo River Sediment .............

109

3.19.

Fitted and Observed Lead Elution
Curves for Buffalo River Sediment .............

110

Fitted and Observed Zinc Elution
Curves for Buffalo River Sediment .............

Ill

3.21. Fitted and Observed Copper Elution
Curves for Hamlet City Lake Sediment .........

114

3.22. Fitted and Observed Chromium Elution
Curves for Hamlet City Lake Sediment .........

115

3.23. Fitted and Observed Iron Elution
Curves for Hamlet City Lake Sediment .........

116

3.24. Fitted and Observed Manganese Elution
Curves for Hamlet City Lake Sediment .........

117

3.25. Fitted and Observed Nickel Elution
Curves for Hamlet City Lake Sediment .........

118

3.26. Fitted and Observed Zinc Elution
Curves for Hamlet City Lake Sediment .........

119

3.20.

3.27. Fitted and Observed Total Organic Carbon
Elution Curves for Buffalo River Sediment ..... 121

x

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3.28. Fitted and Observed Total Organic Carbon
Elution Curves for Hamlet City Lake Sediment ... 122
3.29. Schematic of Unsteady and Steady-State
Diffusion Gradients ..........................

137

4.1. Non-constant DOC Partitioning in Estuarine
Sediment .....................................

150

4.2.

Estuarine Sediment Vicinity Maps ..............

158

4.3.

Column Leachate pH and EC for Pinole Shoal
Sediment .....................................

165

Column Leachate pH and EC for Outer Oakland
Sediment .....................................

166

4.4.
4.5.

Total Organic Carbon Elution Curves for
Pinole Shoal and Outer Oakland Sediments ...... 168

4.6.

Column Leachate Total Suspended Solids for
Pinole Shoal and Outer Oakland Sediments ...... 170

4.7.

Copper and Chromium Column Elution Curves for
Pinole Shoal Sediment ........................

174

4.8. Manganese and Iron Column Elution Curves for
Pinole Shoal Sediment ........................

175

4.9.

Nickel and Cadmium Column Elution Curves for
Pinole Shoal Sediment ........................

17 6

4.10. Lead and Zinc Column Elution Curves for
Pinole Shoal Sediment ........................

177

4.11. Copper and Chromium Column Elution Curves for
Outer Oakland Sediment .......................

180

4.12. Manganese and Iron Column Elution Curves for
Outer Oakland Sediment .......................

181

4.13. Nickel and Cadmium Column Elution Curves for
Outer Oakland Sediment .......................

183

4.14. Lead and Zinc Column Elution Curves for
Outer Oakland Sediment .......................

184

4.15. Fitted and Observed Copper Elution
Curves For Pinole Shoal Sediment .............. 187
xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4.16. Fitted and Observed Chromium Elution
Curves for Pinole Shoal Sediment ..............

188

4.17. Fitted and Observed Iron Elution
Curves for PinoleShoal Sediment ..............

189

4.18. Fitted and Observed Manganese Elution
Curves for PinoleShoal Sediment ..............

190

4.19. Fitted and Observed Nickel Elution
Curves for Pinole Shoal Sediment .............. 191
4.20. Fitted and Observed Lead Elution
Curves for Pinole Shoal Sediment .............. 192
4.21. Fitted and Observed Zinc Elution
Curves for Pinole Shoal Sediment .............. 193
4.22. Fitted and Observed Copper Elution
Curves for Outer Oakland Sediment ............. 197
4.23. Fitted and Observed Chromium Elution
Curves for Outer Oakland Sediment .............

198

4.24. Fitted and Observed Iron Elution
Curves for Outer Oakland Sediment .............

199

4.25. Fitted and Observed Manganese Elution
Curves for Outer Oakland Sediment ............. 200
4.26. Fitted and Observed Nickel Elution
Curves for Outer Oakland Sediment .............
4.27.
4.28.

201

Fitted and Observed Lead Elution
Curves for Outer Oakland Sediment .............

202

Fitted and Observed Zinc Elution
Curves for Outer Oakland Sediment .............

203

4.29. Fitted and Observed Total Organic Carbon
Elution Curves for Pinole Shoal Sediment ...... 204
4.30. Fitted and Observed Total Organic Carbon
Elution Curves for Outer Oakland Sediment ..... 205

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ABSTRACT

Column leaching tests were conducted on two
freshwater sediments and two estuarine sediments.
Leachate samples were analyzed for total organic carbon
(TOC) , cadmium, chromium, copper, iron, manganese, lead,
nickel, and zinc.

Metal and TOC elution curves for

freshwater sediments were fundamentally different from
estuarine sediment elution curves.

The difference was due

to colloid-facilitated transport of metals and TOC in
estuarine sediments that was caused by salt washout during
leaching with distilled-deionized water.
Metals and TOC concentrations in freshwater sediment
leachates tended to monotonically decrease from initial
pore water concentrations.

Leaching of metals and TOC

from freshwater sediments was modeled with a retardation
model and a retardation model that included diffusion from
immobile water regions.

Comparison of modeled and

measured metals concentrations showed that long-term
metals leaching from freshwater sediments was governed by
diffusion from immobile water regions.

Equilibrium-

controlled desorption of metals from freshwater sediments
was minimal except for manganese.

TOC leaching, however,

was described by equilibrium-controlled desorption.

X11JL
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Estuarine sediments showed a complicated elution
history involving an increase in metal and TOC
concentrations in leachate following washout of the
sediment salt.

This phenomenon qualitatively agreed with

the Gouy-Chapman double-layer model for the functional
dependence of spacing between charged plates on ionic
strength.

The elution of salt reduced ionic strength and

increased the double-layer thickness between sediment
colloids.

As the double-layer thickness increased, the

tendency for colloids and the contaminants bound to
colloids to become entrained in flow during column
leaching increased.

A leaching model based on Gouy-

Chapman theory for the effects of salt washout on
contaminant leachate concentrations simulated the elution
curves for one estuarine sediment but was less effective
in simulating the elution curves for the other estuarine
sediment.

xiv
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CHAPTER 1
INTRODUCTION
1.1. Background

Dredging to provide safe passage for vessels is vital
to the economy of many ports and harbors in the Great
Lakes and along the Atlantic, Gulf of Mexico, and Pacific
coasts.

The U.S. Army Corps of Engineers (USACE), in

fulfilling its mission to maintain, improve, and extend
navigable waterways in the United States, dredges and
disposes approximately 325 million cubic meters (MCM) of
sediment annually (Klesch, 198 6).

Permits for disposal of

another 76 MCM of sediment dredged each year by private
and public entities are issued .under the Corps of
Engineers regulatory program (Klesch, 1986).
Sediments in navigation channels serving industrial
and military facilities tend to accumulate pollutants.
The presence of heavy metals and toxic substances in
dredged materials can necessitate site-specific
restrictions on disposal operations (Francingues et al.,
1985).

Dredged material unsuitable for benefical use or

open water disposal is often disposed in confined disposal
facilities (CDFs).

CDFs are widely used in the Great

Lakes for dredged material disposal.

On the U.S. side of

the Great Lakes there are 29 CDFs, and on the Canadian
side there are several more.

Although CDFs are not as
1
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common along the Atlantic, Pacific, and Gulf coasts for
dredged material disposal as they are in the Great Lakes,
CDFs are an important disposal option for USACE
maintenance dredgings and port improvement projects in
these coastal regions. For example, there are twelve CDFs
on the Delaware River.

One of the largest CDFs in the

U.S. is the 850 hectare Craney Island CDF in Norfolk, Va.
In addition to the USACE facilities, port authorities
along the Atlantic, Pacific, and Gulf coasts operate and
maintain numerous CDFs under permits issued by the USACE.
CDFs are also an alternative considered for disposal
of dredged material from sediment remediation projects.
Examples include the New Bedford Harbor Superfund
remediation project in New Bedford, MA and the Sitcum
Waterway portion of the Commencement Bay Superfund
remediation project in Tacoma, WA.
1.2. Confined Disposal Facility Technology
1 .2 .1 .

Qysxxlex

Confined disposal facilities are engineered
structures for dredged material disposal designed to
provide required storage volume, retain solids during
disposal operations, and meet required environmental
standards (U.S. Army Corps of Engineers, 1987).

The terms

confined disposal facility, confined disposal area,

2
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confined disposal site, diked disposal area, containment
area, and diked dredged material containment area are used
interchangeably and refer to diked areas used to retain
dredged material solids.
CDFs for disposal of channel maintenance dredgings
are used over a period of years, accepting dredged
materials from the periodic dredging required for channel
maintenance.

The minimum design life is ten years, and

some are designed to last fifty years or more.

The Craney

Island CDF in Norfork, VA has been in use since the 1950s
and is anticipated to serve disposal needs into the next
century (Myers et al., 1993).

Long-term storage is

therefore a major factor in the design and management of
CDFs for channel maintenance dredgings. When contaminated
dredged material is disposed in CDFs, environmentally
protective planning, design, construction, and management
are key to meeting, environmental standards at CDFs.
Remediation of polluted sediments requires long-term
environmental protection, usually through a reduction in
exposure to contaminants.

Long-term pollutant isolation

is therefore a major factor in the design and management
of CDFs for confinement of dredged material from sediment
remediation activities.

Since the bulk of the

contamination in sediments is associated with sediment
solids, retention and storage of dredged material solids
3
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is also a major design element for remedial alternatives
involving CDFs.
1.2.2. CDF Siting Locales
CDFs are rarely sited far away from the waterway for
which the CDFs serves as a dredged material disposal
facility.

Transportation costs to remote sites are

frequently a prohibitive factor as well as the difficulty
of finding suitable remote sites.

For these reasons, CDFs

are usually located near or in the waterway.
Three general locales for siting CDFs are shown in
Figure 1.1.

Upland CDFs are located out of the waterway

for which the CDF serves as a dredged material disposal
site.

Near-shore CDFs are located along a shoreline with

at least one side bounded by the shore.

In-water CDFs are

surrounded on all sides by water.
The three siting locales for CDFs differ in their
interaction with ground water.

Figure 1.2 is a

generalized sketch of ground water-CDF interactions for
upland, near-shore, and in-water CDFs.

In the upland

locale, the CDF is initially separated from a water table
aquifer by a vadose zone.

Since dredged material is

saturated when placed, hydraulic gradients in the vertical
and horizontal will exist.

Leachate flow patterns from an

upland CDF depend primarily on hydraulic conductivities of
the dredged material, foundations soils, and dikes.
4
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Figure 1.1. Confined disposal facility siting locales
(From Myers et al., 1996a).
5
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UPLAND: CDF IS SEPARATED FROM
GROUNDWATER BY VADOSE ZONE:
FLOW IS INTO FOUNDATION SOILS AND
TOWARD GROUNDWATER. HYDRAULIC
GRADIENT IS APPROXIMATELY ONE.

—_

z i —SATURATED - E L - ‘= r _ 3 r-

w

NEARSHORE: CDF IS PARTALLY SITED
IN SATURATED ZONE: WATER TABLE IS
SEASONALLY DEPENDENT AND FLOW IS
THROUGH S ITE HYDRAULIC GRADIENT
IS NEAR ZERO.

IN-WATER: CDF IS SITED "IN-GRADIENT’;
FLOW OCCURS WHEN OUTSIDE WATER
ELEVATION CHANGES. HYDRAULiC
GRADIENT IS BETWEEN ZERO AND ONE.

Figure 1.2.

Groundwater-CDF Interactions (From Myers et
al. 1996a).
6
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general, leachate flow will tend to have a significant
vertical component at upland CDFs and flow toward the
water table aquifer because vertical gradients will be
steeper than horizontal gradients.
In the near-shore locale, the atmosphere, the outside
water body, and the in-shore water table define boundary
conditions that control vertical and horizontal gradients.
Depending on foundation soil and dike hydraulic
conductivities, leachate flow can be principally through
the dikes or through the foundation soils.

In cases

involving fine-grain dredged material, groundwater flow
from up-gradient may diverge and flow around CDFs because
the hydraulic conductivity of the dredged material can be
lower than the hydraulic conductivity of the shoreline
soils.
The mound of water shown in Figure 1.2 for an in
water CDF is a general feature of CDFs containing finegrain dredged materials.

When initially placed the

dredged material is fully saturated, that is, all the
voids are filled with water.

Evapotranspiration and

seepage tend to dewater the top layer of dredged material
after disposal.

At some point after filling, infiltration

and leachate flow tend to balance such that a quasi
equilibrium is established, at least when averaged over
extended time scales.

For this reason, a mound of water
7
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exists in most CDFs containing fine-grain dredged
material.
1.2.3. CDF Design
The design of a CDF centers around engineering,
environmental, and economic analyses.

Although

geotechnical, structural, and coastal engineering
evaluation of dike design can be extremely important, the
basic design concepts discussed in this dissertation focus
on those concepts related to water quality impacts. CDFs
are built by raising dikes around a prescribed area and
are designed to retain dredged material solids while
allowing the carrier water and water initially present in
the CDF to be released as the CDF fills with solids.
Upland CDFs are generally constructed with earth
dikes using locally available barrow.

Near-shore and in

water CDFs are constructed with soil, stone, or
combination soil and stone filled dikes.

There are

numerous modifications of these dike design themes such as
back-filling with stone on either side of sheet piling,
cellular sheet pile construction, placement of grout
filled mattresses on rock-filled dikes, use of geotextiles
in soft foundation soils, and the use of sand blankets and
clay cores. Figure 1.3 shows a typical dike in the Great
Lakes.

8
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The dike design shown in Figure 1.3 is a rock-fill
structure in which the rock is graded in size.

The

interior rock is lightly larger than gravel, and the
lake-side exterior rock is armor stone.

TOP OF DIKE
NEATUNE

VARIES

COVER STONE— v
UNDER LAYER STONE
LW.D. 0.0-

- PREPARED
LIMESTONE
v
PLASTIC FILTER CLOTH

I T RIPRAP STONE
(V-*mTO VS")
^ BOTTOM ELEV. VARIES

PLASTIC FILTER CLOTH

TYPICAL DIKE DETAIL

Figure 1.3. Typical Dike Detail for CDFs in the Great
Lakes (From Myers et al., 1996a).
Release of water that must be discharged during
filling operations is accomplished in two basic ways.
Effluent may be released through an outlet structure (s),
pervious dikes, or both. Outlet structures include simple
overflow weirs, sand filled filter cells, and multimedia
filter cells.

Pervious dikes are rock filled structures

that can be built with and without sand blankets, sheet
pile crowns, and other modifications designed to control
water release.

Outlet structures and pervious dikes are
9
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not mutually exclusive, that is, CDFs can be designed to
release water through pervious dikes until the dikes clog
with dredged material and then release water through an
overflow weir.

Prior to release through an outlet

structure, effluent can be treated for additional solids
removal using chemical clarification (Schroeder, 1983).
1.2.4. Evaluation of Surface Water Quality Impacts
Standard procedures are available for designing CDFs
for solids retention and control of surface water quality
impacts from conveyance water discharge.

These procedures

are briefly discussed below.
Design procedures for solids retention are described
in a U.S. Army Corps of Engineers Engineer Manual (U.S.
Army Corps Engineers, 1987) .

These procedures rely on

settling column tests developed specifically for designing
CDFs for solids retention (Montgomery, 1978).

Solids

retention is important because the major fraction of
contaminants present in dredged material is associated
with solids (Burks and Engler, 1978; Brannon et al.,
1990a). Thus, solids lost during disposal operations is a
major contaminant loss pathway in terms of total
contaminant mass release (Brannon et al., 1990a; Myers et
al., 1996).
Effluent quality during hydraulic filling is
predicted on the basis of data from column settling and
10
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modified elutriate tests and CDF design (Palermo, 198 6).
The modified elutriate test simulates important
physicochemical conditions in CDFs during hydraulic
disposal and involves measurement of both dissolved and
total concentrations of contaminants. A separate column
settling test (Montgomery, 1978) is used to predict
suspended solids concentrations in effluent for a specific
facility design and set of operational conditions (surface
area, ponding depth, influent flow, and hydraulic
efficiency). Results from the modified elutriate and
settling column tests are then combined to predict total
and dissolved contaminant concentration in effluent during
hydraulic disposal.
The modified elutriate test involves mixing dredging
site sediment and water at the solids concentration
expected in the dredge discharge, aerating the mixture for
one hour to simulate the oxidizing conditions present
during primary settling, settling the mixture for a time
equal to the expected or measured mean retention time of
the CDF (up to a maximum of 24 hours), and then collecting
a sample of supernatant for chemical analysis of dissolved
and total contaminant concentrations. The dissolved
concentrations from the test are the predicted dissolved
concentrations in the effluent.

The contaminant

concentrations associated with suspended solids are later
11
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used in combination with results from settling column
tests to predict particulate contaminant concentrations.
The modified elutriate test was specifically
developed to predict effluent quality from CDFs.

Because

of mixing and oxidation-reduction conditions simulated in
the test, it does not simulate leachate generation in CDFs
(Myers and Brannon, 1991).
1.3.

Research Need

When polluted dredged material is placed in a CDF,
there is a potential for adverse impacts on surrounding
groundwaters by seepage of leachate from the dredged
material (Yu et al., 1978).

The Federal Water Pollution

Control Act Amendments of 1972, also known as the Clean
Water Act (CWA) , includes specific language requiring the
USACE and the U.S. Environmental Protection Agency (USEPA)
to evaluate potential groundwater impacts of confined
dredged material disposal.
Beginning in 1985, the need to consider potential
leachate impacts of confined disposal alternatives was
recognized (Francingues et al., 1985).

Cullinane et al.

(1986) prepared guidelines for evaluation of disposal
alternatives which included consideration of potential
leachate problems.

Lee et al. (1991) described a general

decisionmaking framework for management of dredged

12
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material that included leachate quality evaluation.

More

recently, the USACE and USEPA jointly published a
technical framework for evaluating environmental effects
of dredged material management alternatives (USACE/USEPA,
1992) that identified subsurface drainage of leachate as a
contaminant migration pathway that should be evaluated
prior to acceptance of proposed CDFs.

Myers et al.

(1996a) discussed leachate generation in CDFs as a
contaminant migration pathway that should be addressed
when evaluating the CDF alternative for sediment
remediation projects.

As evidenced by the published

guidelines, management strategies, and decisionmaking
frameworks, there is a recognized responsibility for the
USACE and USEPA to address- leachate impacts when
considering confined disposal alternatives for polluted
dredged material.
Thus, predictive techniques are needed that provide
sound engineering and environmental data for preproj ect
evaluation of leachate impacts at CDFs.

To fully evaluate

leachate impacts, an understanding of transport behavior
of contaminants in dredged material is needed.

A major

aspect of contaminant transport phenomena in dredged
material is contaminant release from dredged material
solids to leachate.

Thus, an understanding of the

processes controlling contaminant release from dredged
13
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material solids to leachate is needed.

In addition,

predictive models are needed that simulate the processes
governing leaching of sediments and dredged material.
1.4.

Study Objectives and Organization

The overall objective of this study is to
characterize the leaching behavior of freshwater and
estuarine sediments.

Supporting objectives include: (i)

review CDF disposal technology, processes affecting
leachate quality in CDFs, and dredged material leachate
literature; (ii) determine release characteristics of
dissolved organic carbon from freshwater and estuarine
sediments; (iii) determine metals release characteristics
from freshwater and estuarine' sediments, and (iv) develop
source term formulations describing metals releases from
freshwater and estuarine sediments.
Chapter 1 is an introduction to confined disposal
technology for dredged material and the need for
predictive techniques for leachate quality in dredged
material confined disposal facilities.
Chapter 2 includes review of the literature on
leachate generation in confined disposal facilities for
dredged material and discussion of processes affecting
leachate quality in CDFs and factors affecting leaching
processes.

Application of mass transport theory to column

14
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leaching of sediments and dredged material is also
disscussed in Chapter 2.
Chapter 3 presents results from column leaching
studies conducted on freshwater sediments from Buffalo
River, New York and Hamlet City Lake, Hamlet City, North
Carolina.

Chapter 3 describes application of two

mathematical models to freshwater sediment elution curves.
Chapter 4 presents results from column leaching
studies conducted on estuarine sediments from San
Francisco Bay, California.

Application of non-constant

equilibrium partitioning models based on salt washout are
demonstrated in this chapter.

These models represent the

main contribution of this dissertation to the advancement
of process knowledge and predictive'modeling capability.
Major findings and important conclusions from this
dissertation are summarized in Chapter 5.

The

implications of differences in the leaching behavior for
freshwater and estuarine sediments are presented in this
chapter.

Application of the model equations developed for

metals to organic contaminants and unsolved problems are
also discussed in Chapter 5.
There are three appendices. Appendix A describes the
tracer studies conducted to obtain dispersion coefficients
needed for modeling contaminant transport in the leaching
columns.

The porosity data presented in Appendix A
15
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provide the basis for interpreting persistent metals
leaching from freshwater sediments as diffusion from
immobile water regions.

Appendix B presents selected

photographs, including photographic documentation of the
elution history of colloids from estuarine sediment.
Appendix C describes a particle size study conducted on
suspended solids eluted from the estuarine sediments.

16
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CHAPTER 2
REVIEW OF DREDGED MATERIAL LEACHING
2.1. Introduction

There have been relatively few field studies of
leachate formation in CDFs.

Some field and laboratory

work was accomplished under the USACE Dredged Material
Research Program (DMRP) between 1973 and 1978, but this
research emphasized problem definition and was not
oriented toward development of process understanding.
Following the DMRP, the Long-Term Effects of Dredging
Operations (LEDO) program was implemented by the USACE at
the U.S. Army Engineer Waterways Experiment Station (WES).
Leachate research in this program focused on development
predictive techniques for preproject evaluation of
leachate quality in CDFs and was limited to laboratory
studies.
Outside the USACE sponsored efforts, there has been
little research on dredged material leaching.

This

situation exists because other Federal agencies, as well
as many other sources of research funds, have viewed
contaminant leaching in CDFs as primarily a USACE problem.
As a result, most of the literature directly pertaining to
dredged material leaching is published in USACE reports.
This chapter begins with a review of field and
laboratory studies of contaminant leaching from sediments
17
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and dredged materials.

The literature is then interpreted

and discussed in terms of the processes affecting leachate
quality in CDFs.

The chapter ends with a discussion of

source term formulations for mass transport models for
predicting leachate quality in CDFs.
2.2. CDF Field Studies

2.2.1. Krizek et al. (1976)
Krizek et al. (1976) conducted limited ground water
sampling within the vicinity of the Penn 7 CDF in Toledo/
Ohio.

The quality of the ground water beneath the site

was found to be slightly worse than the river water and
the effluent discharged from the CDF to the river during
dredged material disposal.

No up-gradient and

down-gradient sampling was conducted.

Seepage from the

CDF into the underlying soil was thought to be small due
to the low permeability of the dredged material and the
foundation soils.
2.2.2. Yu et al. (1978)
The field work of Yu et al. (1978) is the singular
data set on leachate quality in and around CDFs. Yu et
al. (1978) conducted field investigations at four CDFs:
Sayreville, New Jersey; Clinton CDF, Houston, Texas; Pinto
Island, Mobile, Alabama; and Grand Haven, Michigan.
2.1 lists site characteristices provided by Yu et al.

18
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Table

(1978).

At each of the four sites, dredged material and

soil samples were collected from locations that would
indicate lateral and vertical migration of contaminants.
At the Sayreville, Pinto Island, and Grand Haven sites,
leachate samples were collected from within the sites, and
groundwater samples were collected directly beneath the
sites and from up-gradient and down-gradient monitoring
wells.

At the Clinton CDF, leachate samples were

collected from within the CDF, but no up- or down-gradient
groundwater samples were collected.

Leachate and

Table 2.1
Site Characteristics for Yu et al. (1978) CDF Study
CDF

Area
(ha)

Depth
(m)

Sayreville,
New Jersey

17

7-9

Radial drainage from CDF
into surrounding marsh

"Clinton"
Houston,
Texas

111

6-11

Underlain by clay, perched
water table in CDF

"Pinto
Island"
Mobile,
Alabama

26.2

4-6

Radial drainage from CDF
into surrounding marsh

Grand Haven,
Michigan

2.42

1-3

Gentle gradient through site

Subsurface Flow Pattern

groundwater samples were collected four times in nine
months; soil and dredged material samples were collected
19
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during the first sampling visit.

Leachate and groundwater

samples were analyzed for metals, chlorinated
hydrocarbons, and other parameters after 0.45 pm
filtration.
2.2.2.1. General Findings
The general findings of Yu et al. (1978) indicated
that leachate quality is a function of the physical and
chemical nature of the dredged material and site-specific
hydrogeological conditions.

The study showed degradation

of groundwater quality by non-toxic chemicals due to
dredged material disposal in CDFs.

Significant increases

in chloride, potassium, sodium, calcium, magnesium, total
organic carbon (TOC), alkalinity, iron, and manganese
concentrations were measured in down-gradient
groundwaters.

Although there was evidence that cadmium,

copper, nickel, and zinc leached from dredged material,
concentrations in groundwater samples were low and did not
appear to pose groundwater quality problems (Yu et al.,
1978) .

Heavy metals were mostly in the parts-per-billion

or sub-parts-per-billion range.

No soluble chlorinated

hydrocarbons were observed in groundwater.
2.2.2.2. Chloride
The general pattern observed by Yu et al. (1978) for
chloride was low levels in the up-gradient water, maximum
levels beneath CDFs, then decreasing levels in down20
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gradient monitoring wells.

As expected, leachate chloride

concentrations were higher at the estuarine CDFs
(Sayreville, Pinto Island, and Clinton) than at the
freshwater site (Grand Haven). The Yu et al. (1978) data
clearly show that chloride leaches from estuarine dredged
material disposed in upland CDFs.
2.2.2.3 . Total Organic Carbon
TOC plumes were observed by Yu et al. (1978) beneath
two CDFs, Pinto Island and Grand Haven, that were
attributed to leaching of dredged material in the CDFs.
Mean TOC concentrations at the Grand Haven site were 102
mg/C, 244 mg/C, and 87 mg/C in up-gradient groundwater, CDF
leachate, and down-gradient groundwater, respectively.

At

the Pinto Island site, mean TOC concentrations were 73
mg/C and 103 mg/C in CDF leachate and groundwater beneath
the CDF, repectively.

The overall range in CDF leachate

TOC concentrations was 1 mg/C to 1190 mg/C, with the
highest value recorded at the Clinton CDF.
2.2.2.4 . Cadmium
Cadimum concentrations in CDF leachate were usually
the lowest among all metals analyzed.

The mean cadmium

concentrations in CDF leachate varied from 0 .8 pg/C for
the Grand Haven CDF to a high of 58 pg/C at the Sayreville
CDF.

In one monitoring well in the Sayreville CDF,

cadmium concentrations were consistently around 100 pg/C.
21
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At the Grand Haven CDF, down-gradient cadmium
concentrations were higher than in the dredged material
leachate.

At the Sayreville CDF, up-gradient groundwater

conditions were difficult to evaluate because flow at the
CDF was radial, that is, groundwater flowed away from the
CDF in all directions.

At the Pinto Island CDF, mean

cadmium concentrations were highest in groundwater from
beneath the CDF (11.3 ug/?) . Mean leachate cadimum
concentration at the Pinto Island CDF was 2.7 pg/C.

Up-

gradient and down-gradient groundwater concentrations were
significantly lower than leachate cadmium concentrations.
2.2.2.5. Copper
A wide range of copper concentrations was found at
the Sayreville site.

CDF leachate copper concentrations

ranged from 3 pg/H to 3 mg/? and averaged 231 ug/?.
Groundwater samples also had high copper concentrations.
Two groundwater monitoring wells averaged 2.6 mg/?.

Due

to the high copper concentrations in the off-site
groundwater samples and the radial flow pattern at the
Sayreville CDF, Yu et al. (1978) could not draw definitive
conclusions about copper leaching.

At the Grand Haven

CDF, mean copper concentration was higher in the dredged
material leachate (19 ug/?) than in the groundwaters.
Copper leaching was also observed at the Pinto Island CDF.
Leachate samples were highest, up-gradient groundwater was
22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

lowest, and down-gradient groundwater was in between upgradient and leachate copper concentrations.
2.2.2.6 . Nickel
Except for iron and manganese, nickel concentrations
were usually the highest metal concentrations found by Yu
et al. (1978) .

Up-gradient, leachate, and down-gradient

nickel concentrations indicated nickel migration by
dredged material leaching at all three sites where
groundwater monitoring was conducted.

Even the Sayreville

CDF with its radial flow pattern (Yu et al. 1978) provided
evidence of nickel leaching from dredged material.

At the

Sayreville CDF, mean nickel concentrations decreased from
420 ug/2 in leachate to 325
the site.

]ig/l

in groundwater beneath

Off-site groundwater mean nickel concentrations

averaged 237 ug/2.

At the Pinto Island CDF, mean nickel

concentrations increased from 4.3

]ig/i

in up-gradient

groundwater to 40 ug/? in groundwater beneath the CDF, and
then decreased to 11

]ig/H

in down-gradient groundwater.

At the Grand Haven CDF, mean nickel concentration was
higher in dredged material leachate (127 ug/?) than in
groundwater beneath the site (65
gradient water (27

]ig/t)

]ig/i)

and the down-

. Mean nickel concentration in

the up-gradient groundwater (170

]ig/l)

was higher than in

the CDF leachate.

23
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2.2.2.1.

Lead and Mercury

Yu et al. (1978) found no evidence of lead leaching
from dredged material at any of the sites.

Groundwater

concentrations were low (mean < 12 ug/?) . Mean lead
leachate concentrations were less than 14 ug/?.

Leachate

lead concentrations were high (80 ug/?) i-n two leachate
samples from the Clinton CDF.
Mercury concentrations were uniformly low (< 2 ug/?) •
Yu et al. (1978) concluded that there was no mercury
leaching potential at any of the four CDFs.
2.2.2.8 . Zinc
The Sayreville CDF had the highest zinc
concentrations observed by Yu et al. (1978).

At the

Sayreville site, mean zinc concentrations were 4.16 mg/?
in down-gradient groundwater, 2.44 mg/? in CDF leachate,
and 3.8 mg/? in up-gradient groundwater.
the lowest zinc concentrations.

Grand Haven had

Mean zinc concentrations

in the down-gradient groundwater was 53

]ig/lr

58 ug/? in

the CDF leachate, and 176 ug/? in the up-gradient
groundwater.

The Pinto Island CDF was the only site which

showed a clear potential for leaching of zinc from the
dredged material.

At the Pinto Island CDF, mean up-

gradient groundwater zinc concentration was 24 ug/?/ mean
leachate zinc concentration was 600 ug/?/ and mean downgradient groundwater zinc concentration was 72 ug/?*
24
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2.2.3. Leonard (1988)
Leonard (1988) reported significant heavy metal and
organic contamination in pore water in the Times Beach
CDF, Buffalo, New York.

The Times Beach CDF is located on

Lake Erie and was used for confined disposal of
contaminated sediment dredged from the Buffalo River, the
Buffalo Harbor, and the Black Rock Channel from 1972 to
1976.

The site is underlain by fine sands, glacial till,

and limestone.

Upgradient monitoring wells showed

evidence of arsenic, cadmium, and lead contamination.
Ground water beneath the site showed little evidence of
contamination by the CDF.
2.2.4. Summary - Field Studies
Field data on the containment effectiveness of CDFs
is seriously lacking.

Yu et al. (197 8 ) conducted the only

definitive field investigations of CDF leachate impacts
available.

Their field investigations showed migration of

metals and nontoxic constituents (dissolved organic
carbon, chloride, alkalinity, etc.), but no migration of
chlorinated hydrocarbons.

Dissolved organic carbon and

selected metals concentrations in CDF leachate reported by
Yu et al. (1978) are presented in Table 2.2.

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 2.2
CDF Leachate Quality1
Parameter
TOC, mg /(.

Cd, pg/C

Cu, pg/fi

Fe, mg/2

Mn, mg/2

CDF

n

Mean

Std Dev

Migration

SNJ

32

20

29

Clinton

70

304

278

Pinto I

29

73

73

YES

GHM

24

244

173

YES

SNJ

32

58

61

Clinton

82

1.3

1.4

•k

Pinto I

40

2.7

6.5

NO

GHM

18

0.8

1.6

NO

SNJ

32

231

540

7

Clinton

82

26

29

+

Pinto I

39

61

86

YES

GHM

18-

19

17

NO

SNJ

32

12

NO

Clinton

82

26

29

'k

Pinto I

40

0.054

0.131

NO

GHM

18

19

17

NO

SNJ

32

6.4

2.8

Clinton

82

12.3

10.9

Pinto I

40

9.1

15.2

YES

GHM

19

1.21

1.31

NO

3.5

NO
•k

NO

NO

1 From Yu et al.

(1978)
SNJ: Sayreville, New Jersey; Clinton: Houston, Texas;
Pinto I: Mobile, Alabama; GHM: Grand Haven, Michigan;
*: no up- or down-gradient samples; ND: no data
table continued
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- Table 2.2
Parameter
Pb, yig/2

Ni, mg/2

Zn, mg/2

CDF

n

Mean

Std Dev

Migration

SNJ

33

14

10

Clinton

82

8

11

Pinto I

40

1.9

GHM

19

SNJ

33

420

322

YES

Clinton

82

59

158

-ic

Pinto I

40

42

66

YES

GHM

18

128

93

YES

SNJ

32

2.44

1.94

NO

Clinton

60

0.084

0.153

Pinto I

40

0.6

GHM

18 .

ND

1.6

NO
ND

ND

0.037

NO
★

0.91

YES

0.058

NO

1 From Yu et al. (1978)

SNJ: Sayreville, New Jersey; Clinton: Houston, Texas;
Pinto I: Mobile, Alabama; GHM: Grand Haven, Michigan;
*: no up- or down-gradient samples; ND: no data
table continued
2.3.

Laboratory Studies

2.3.1. Brannon et al. (197 6 )
Brannon et al. (1976) determined the geochemical
partitioning of metals in sediments from Arlington Ship
Channel, Mobile/ Alabama, Ashtabula Harbor, Ohio, and
Bridgeport Harbor, Connecticut.

Geochemical partitioning

involves determining metal concentrations in separate
sediment phases.

Functionally defined phases investigated
27
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by Brannon et al. (1976) included dissolved in
interstitial water, adsorbed on sediment (exchangeable
phase), occluded or coprecipitated with manganese and iron
oxide and hydroxide phases (easily and moderately
reducible phase), bound with organic matter and sulfides
(organic plus sulfide phase), and bound in the crystalline
mineral lattice (residual phase). Elemental partitioning
among these various phases was determined using a
selective extraction procedure.

Selective analytical

partitioning of arsenic, cadmium, copper, iron, manganese,
mercury, lead, nickel, and zinc showed that the
environmental mobility of metals correlate to their
respective concentrations in the interstitial water,
exchangeable and easily reducible phases.

Total metal

concentrations in sediments do not correlate with
mobility.
Brannon et al. (197 6 ) showed that the interstitial
water and exchangeable phases comprise the primary
leachable reservoirs of metals in sediments.

A major

fraction of the total metals concentrations in sediments
are in geochemical phases that are highly resistant to
aqueous leaching, especially under anaerobic conditions.
Oxidation of dredged material, as discussed later, can
alter metals mobility, but even then only a fraction of
the total metal concentration can be mobilized.
28
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2.3.2. Manor et al._(1976)
Mang et al. (1978) investigated dredged material
leaching in large plexiglass lysimeters under gravity
drainage.

The study used dredged materials from the

Clinton CDF, Houston, Texas, Sayreville CDF, Sayreville,
New Jersey, Grand Haven CDF, Grand Haven, Michigan, Pinto
Island CDF, Mobile, Alabama, and sediment from Seattle,
Washington.

Various leaching solutions were used

including distilled water (rainwater leach), distilled
water acidified to pH 4.5 with sulfur dioxide (acid
rainfall leach), hard water buffered with bicarbonate
(alkaline ground water leach), and leachate obtained from
a solid waste landfill.

Parameters analyzed included

major cations and anions, trace metals, polychlorinated
biphenyls (PCBs), chlorinated pesticides, nutrients, and
gross physicochemical parameters (Eh, pH, alkalinity, and
electrical conductivity).
Trends in leachate quality were difficult to obtain
because the volume of leachate generated in the long
columns (91 cm) under gravity drainage was too small for
analysis of all parameters of interest.

Only three to

four samples were collected over the entire experiment for
most columns.

In the columns that produced the most data,

up to 270 days were required to produce eight samples.
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In spite of sampling difficulties, Mang et al. (1978)
showed that various soils effectively attenuate the
contaminants in dredged material leachate.

Cadmium,

copper, and lead in dredged material leachate were removed
by soils placed in the bottoms of the lysimeters.
2.3.3. Brannon (1984)
Brannon (1984) investigated in batch leach tests
conditions that affect mobilization and leaching potential
of arsenic and antimony in ten contaminated sediments from
coastal and inland sites. This work described arsenic
speciation under anaerobic and aerobic leaching
conditions.

Total arsenic release from sediments was

insensitive to the salinity of the leaching water.
Antimony release from freshwater sediments was enhanced by
leaching with saline water.

Releases of added and native

arsenic followed similar trends, although releases of
arsenic and antimony were higher from amended sediments
(sediments spiked with arsenic and antimony) than from
unamended sediments.

In five of ten sediments, addition

of arsenic(V) resulted in accumulation of organic arsenic
in the intersititial water.

Short-term (30 minutes) batch

leaching studies showed that release of arsenic(III) and
total arsenic was greatest when sediments were low in
iron.

Thus, iron enhanced the retention of arsenic in

sediments.
30
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2.3.4. Environmental Laboratory (1987)
Batch and column leaching studies were conducted on
polychlorinated biphenyl (PCB) contaminated sediment from
Indiana Harbor, Indiana (Environmental Laboratory, 1987) .
The test procedures and experimental design were based on
mass transport theory as outlined in Hill et al. (1988) .
The results showed that metal and organic contaminants in
Indiana Harbor sediment were tightly bound to the sediment
solids with less than one percent of the bulk metal
concentrations released in anaerobic sequential batch
leach tests. These studies also indicated a low potential
for leaching of PCBs due to partitioning to the sediment
solids.
Sequential batch leach testing under anaerobic
• conditions produced well-defined linear desorption
isotherms (Figure 2.1).

The intercepts were interpreted

as a measure of the metals fraction resistant to leaching
(aqueous extraction) (Environmental Laboratory, 1987) .
Exposure to air for six months decreased the mobility of
metals.
Divided flow permeameters (9.8 cm in diameter and 18
cm in length) were used in column testing for metals.

The

elution curves showed that metal and DOC concentrations
decreased as the number of pore volumes eluted increased.
When batch distribution coefficients and a one-dimensional
31
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transport equation based on equilibrium-controlled, linear
desorption were used to predict metal elution curves, the
predicted curves over estimated column leachate metals
concentrations by factors of two to eight.

Comparison of

predicted and observed column elution curves showed that
anaerobic sequential batch leach tests qualitatively
predicted contaminant elution trends and the assumption of
equilibrium-controlled linear desorption over-estimated
column leachate metal concentrations.

A non-equilibrium

approach was needed for more accurate prediction
(Environmental Laboratory, 1987).
2.3.5. Mvers and Brannon (1988)
Batch and column leach tests were conducted by Myers
and Brannon (1988) on an estuarine sediment from the New
Bedford Harbor Superfund site, New Bedford, Massachusetts.
Test procedures were the same as those used to test
Indiana Harbor sediment (Environmental Laboratory, 1987).
Batch and column data indicated that leaching of estuarine
sediment with distilled-deionized water was regulated by
non-constant partitioning related to elution of sediment
salinity.

As the salinity of the leachate decreased

during sequential leaching, colloidal organic matter
associated with the sediment solids was released,
resulting in mobilization of PCBs and heavy metals.
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Contaminant elution curves from leaching columns
agreed with the shape of elution curves predicted by
sequential batch leach tests.

However, the non-ideal

behavior (double-valued desorption isotherms) could not be
modeled.

Concentrations in column leachate for some

contaminants were significantly lower than concentrations
in batch leachate.

Although several interpretations for

this difference were discussed including sorption losses
to the vessels used to collect column leachate and
differences in shear at the sediment-water interface
during batch and column leaching, the discrepancies could
not be fully explained.
2.3.6. Steneker et al. (1988)
Steneker et al. (1998) conducted elemental
partitioning studies on anaerobic and oxidized sediment
from Rotterdam Harbor, The Netherlands.

Partitioning of

cadmium, copper, iron, managanese, lead, and zinc into
various geochemical phases was determined using
functionally defined extraction methods similar to those
used by Brannon et al. (1976).

In the anaerobic state,

metal fractions in the mobile phase (exchangeable) were
small, less than two percent for cadmium, lead, iron, and
zinc.

The fractions manganese and copper in the mobile

phase under anaerobic conditions were slightly higher.
Under oxidizing conditions, cadmium and to a lesser extent
34
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zinc were mobilized (exchangeable fraction increased).
Manganese mobility was reduced by oxidation.
2.3.7. Palermo et al. (1989)
Palermo et al. (1989) conducted batch and column
leach tests on an estuarine sediment from Everett,
Washington.

Test procedures were the same as those used

for Indiana Harbor (Environmental Laboratory, 1987) and
New Bedford Harbor (Myers and Brannon, 1988) sediments.
Contaminant levels in Everett Harbor sediment were low
relative to those in Indiana Harbor and New Bedford Harbor
sediments.

Many contaminants leached in amounts that were

below the chemical analytical detection limits.

Results

for contaminants that leached in amounts that could be
reliably quantified were similar to those from New Bedford
Harbor sediment.

Salinity-dependent non-constant

partitioning was again observed.

Mobilization of metals

after aging by exposure to air for six months was observed
to be associated with a decrease in pH.
2.3.8. Brannon et al. (1990b)
Limited anaerobic sequential batch leaching tests
conducted by Brannon et al. (1990b) showed that metal
releases from freshwater sediments generally behaved
according to the equilibrium desorption theory described
by Hill et al. (1988); that is, metal concentrations
decreased during sequential batch leaching.

Anaerobic
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sequential batch leaching of estuarine sediments, however
resulted in double-valued desorption isotherms that did
not follow classical isotherm form.
2.3.9. Brannon et al. (1991)
Brannon et al., (1991) proposed an explanation for
the salt washout effect previously observed for leach
testing of New Bedford Harbor sediment (Myers and Brannon
198 8 ).

Salinity dependency is the result of increasing

repulsive forces between sediment colloids as ionic
strength decreases when estuarine sediments are leached
with distilled-dionized water.

As repulsive forces

increase, sediment colloid deflocculation takes place,
resulting in an increase of nonfilterable
microparticulates (colloids) in the aqueous phase.

These

microparticulates act as carriers for many contaminants,
including metals.
2.3.10. Brannon et al. (1992)
Brannon et al. (1992) conducted batch and column
leach tests on sediment from Hamlet City Lake, Hamlet,
North Carolina.

Batch test procedures were the same as

those used in previous sediment leaching studies
(Environmental Laboratory, 1987; Myers and Brannon, 1988;
Palermo et al., 1989).

A thin-layer column (25.4 cm in

diameter and 4 cm in length) as recommended by Myers et
al.,

(1991)) was used for the first time.
36
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Linear partitioning between sediment and aqueous
phases was not observed for most metals in anaerobic
sequential batch tests.

Arsenic and zinc were exceptions.

Cadimum concentrations remained relatively constant and at
low levels during anaerobic sequential batch leaching.
Mercury was below the detection limit (0.4 jig/ll) in all
anaerobic sequential batch leach samples.

Aerobic

sequential batch leach tests on sediment aged by exposure
to air for six months did not indicate significant
mobilization of metals as a result of sediment oxidation.
In.this study, batch and column leach tests did not
always agree on contaminant elution trends.

In several

cases, the batch data suggested column elution curves that
would not monotonically decrease.: The column test,
however, showed montonically decreasing contaminant
concentrations.
Fitted and measured column elution curves showed that
an equilibrium-controlled, linear desorption model tended
to over-estimate initial metal concentrations in column
leachate and indicated that a non-equilibrium approach
would be needed for more accurate modeling.
2.3.11. Lee et al. (1993a; 1993b; 1993ci
Sediments from Oakland Harbor, Oakland, California
(Lee et al. 1993a), J. F. Baldwin Channel, Richmond,
California (Lee et al. 1993b), and Santa Fe Channel,
37
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Richmond, California (Lee et al. 1993c) were leach tested
using the sequential batch leach tests previously referred
to (Environmental Laboratory, 1987; Myers and Brannon,
1988; Palermo et al., 1989; Brannon et al. 1992) and in
thin-layer columns (Myers et al., 1991; Brannon et al.,
1992).

The sediments tested were from the San Francisco

Bay area.

These studies showed mobilization of various

metals and organic contaminants consistent with the salt
washout effect previously observed for sediments from
Everett, Washington (Palermo et al., 1989), and New
Bedford, Massachusetts (Myers and Brannon, 1988; Brannon
et al., 1991).

A special formulation of linear-

equilibrium sorption was developed to model non-constant
partitioning and account for salt washout effects.

The

non-constant partitioning equation was incorporated into a
complete-mix model for column leaching of estuarine
sediments.

The complete-mix model with nonconstant

partitioning captured the main features of the column
elution trends, but the column data were not sufficient
(too few pore volumes eluted) for full evaluation of the
model.
2.3.12. Summary - Laboratory Studies
Sequential batch leach tests have been used in
leachate evaluations for several sediments (Environmental
Laboratory, 1987; Myers and Brannon, 1988; Palermo et al.,
38
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1989; Brannon, et al., 1990; Brannon et al., 1992; Lee et
al., 1993a; Lee et al., 1993b; Lee et al., 1993c). The
sequential batch leach test used in these studies was
based on theory described by Hill et al. (1988) and has
remained procedurally constant since its introduction
(Environmental Laboratory, 1987) to the present (Brannon
et al., 1994).

The test usually yields linear desorption

isotherms for freshwater sediments.

For estuarine

sediments, however, the test usually yields double-valued
desorption isotherms from which meaningful distribution
coefficients have been difficult to obtain.
Geochemical partitioning studies of metals in
sediments (Brannon et al., 1976; Steneker et al., 1988)
showed that bulk metal concentrations in sediments were
not good indicators of leaching potential.

The fraction

residing in immobile geochemical phases is typically much
larger than the fraction residing in mobile phases.

The

fraction of the total metal concentration leached in
sequential batch leach tests conducted on various
sediments is listed in Table 2.3.
Laboratory column leaching studies of sediments had a
rather inauspicious begining with gravity drainage,
unsaturated lysimeters that simulated field flows (Mang et
al., 1976).

Leachate production was too slow for

development of -meaningful elution trends.

Attempts to use
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pressure flow in long, saturated colums (Environmental
Laboratory, 1987; Myers and Brannon, 1988; Palermo et al.,

Table 2.3
Fraction Metal Leached in Anaerobic Sequential
Batch Leach Tests
Percent Leached
Cd

Cr

Cu

Ni

Pb

Zn

Everett
Bay1

3.33

1.11

2.32

3.74

2.50

2.02

New
Bedford2

0.68

0.69

1.31

0.98

0.25

0.97

Indiana
Harbor3

0.40

ND

0.42

ND

0.27

0.22

Hamlet
City Lake4

5.98

ND

0.56

2.28

1.35

3.02

Outer
Oakland5

5.58

0.14

6.01

0.87

3.57

2.00

Inner
Oakland5

4.05

0.04

3.36

0.92

8 .13

3.10

Pinole
Shoal6

8.09

0.38

9.31

1.37

5.04

3.02

West
Richmond6

3.70

0.19

2.82

0.89

1.93

1.40

Santa Fe
Channel7

9.68

0.72

9.00

1.55

6.19

4.02

Sediment

1 Estuarine sediment, Palermo et al. (1989)
2 Estuarine sediment, Myers and Brannon (1988)
3 Freshwater sediment, Environmental Laboratory (1987)
4 Freshwater sediment, Brannon et al. (1990b)
5 Estuarine sediment, Lee et al. (1993a)
6 Estuarine sediment, Lee et al. (1993b)
7 Estuarine sediment, Lee et al. (1993c)
ND: No data
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1989) were also largely unsuccessful in defining long-term
elution trends. When the thin-layer leaching column
recommended by Myers et al. (1991) came into use (Brannon
et al., 1992; Lee et al., 1993a; Lee et al., 1993b; Lee et
al., 1993c), better definition of elution trends were
obtained.
2.4.

Processes Affecting Leachate Quality

Many interphase mass-transfer processes potentially
influence leachate quality in a CDF including sorption,
ion-exchange, dissolution, precipitation, complexation,
biodegradation, geochemical partitioning, and colloid
flocculation/deflocculation (Figure 2.2).

Also indicated

in Figure 2.2 are the factors affecting interphase
transfer in sediments and dredged material.

These include

pH, oxidation-reduction potential, ionic strength,
sediment organic carbon, and pore water velocity (Brannon
et al., 1976; Gambrell et al., 1976; Gambrell et al.,
1977; Gambrell et al., 1984; Gambrell and Patrick, 1988;
Hill et al., 1988).

A complete description of all

these processes, their interactions, and factors affecting
interphase transfer is not presently possible.

Instead,

lumped parameter approaches involving composite
distribution coefficients have been used to describe
contaminant leaching (Brannon-et al., 1994).
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Lumped parameter approaches based on distribution
coefficients involve the equilibrium assumption.

Once

equilibrium is reached, only the relative distribution of
contaminants between solid and aqueous phases is needed to
predict leachate quality (Brannon et al., 1994).

Another

lumped parameter approach is based on steady diffusion
through films (Hill et al., 1988).

Laboratory determined

lumped parameters for interphase contaminant transfer in
sediments are affected by experimental conditions as
described in the following sections.
2.4.1. Oxidation Status and p H
Dredged material oxidation status often exerts
pronounced effects on metals leaching from estuarine
sediments.

Sequential batch leach tests from several

studies have indicated that higher concentrations of
metals will be present in leachate from aerobic sediment
that has been oxidized by exposure to air for six months
than in leachate from sediments leached under anaerobic
conditions (Myers and Brannon, 1988; Palermo et al., 1989;
Brannon et al., 1990; Lee et al., 1993a).

In estuarine

sediments, leachate pH usually shows a marked decrease
following six months oxidation by exposure to air.

In

addition to the drop in pH brought about by sediment
oxidation, leachate sulfate concentration increases due to
oxidation of sulfide and sulfur.

Oxidation of sulfur
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Figure 2.2. Processes Affecting Leachate Quality
in CDFs (From Myers et al., 1996b).
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compounds produces sulfuric acid which reduces pH and
enhances metals mobility.
In other sequential batch leach tests on estuarine
sediments, metal mobility was not enhanced by exposure to
air for six months (Lee et al., 1993b; Lee et al., 1993c).
Sequential batch leaching of freshwater sediments
generally does not show a significant enhancement of
metals release following aging by exposure to air
(Environmental Laboratory, 1987; Brannon et al., 1992).
Freshwater sediments are usually low in sulfur compounds
relative to estuarine sediments.

Sulfur oxidation and

subsequent decrease in pH, therefore, does not increase
the mobility of metals in low sulfur freshwater sediments.
Sediment preparation procedures, such as exposure to
air for six months, affects concentrations of organic
contaminants in batch leachates. Volatilization and
biodegradation during aging can remove substantial amounts
of organic contaminants from the solid phase, resulting in
substantially reduced leachate concentrations
(Environmental Laboratory, 1987; Brannon et al., 1992).
Dissolved organic carbon (DOC) release during sequential
batch leaching is also reduced after oxidation by six
months exposure to air (Environmental Laboratory, 1987;
Palermo et al., 1989; Brannon et al., 1992).
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4.4.2. Ionic Strength
Several studies have shown that sequential batch
leaching of metals is affected by ionic strength.
Sediments from estuarine environments possess high pore
water concentrations of anions and cations that increase
ionic strength.
Leaching of metals in freshwater sediments generally
follows the expected pattern of decreasing leachate
contaminant concentrations during sequential batch
leaching.

Metal release patterns for estuarine sediments

generally start with low concentrations, increase to a
maximum value, and then begin to decline during sequential
batch leaching.

The estuarine sediment leaching patterns

shown in Figure 2.3 are characteristic of sequential batch
leach results from several studies (Myers and Brannon,
1988; Palermo et al., 1989; Lee et al., 1993a; Lee et al.,
1993b; Lee et al., 1993c).

The peaks in metal

concentrations during estuarine sediment leaching are
postulated to be a result of destabilization of colloidal
material as ionic strength decreases (Brannon et al.,
1991).

Such pronounced peaks do not occur when estuarine

sediments are leached with saline water (Myers and
Brannon, 1988) .
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Figure 2.3. Typical Sequential Batch Leaching Pattern
for Estuarine Sediments (From Palermo et al.,
1989) .
When sequential batch leach data, such as shown in
Figure 2.3, are plotted as solid phase contaminant
concentration versus aqueous phase contaminant
concentration, an unconventional desorption isotherm is
produced.

Figure 2.4 is a schematic of the type of

isotherm that commonly results from sequential batch
leaching of estuarine sediments (Myers et al., 1996).
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The

desorption isotherm shown in Figure 2.4 depicts non
constant partitioning in which the equilibriium
distribution coefficient decreases as the solid phase
concentration decreases.

A turning point is reached at

which the distribution coefficient becomes constant, and
desorption begins to follow a classical isotherm.

The

non-constant portion of the isotherm shown in Figure 2.4
is related to salt elution.
2.4.3. Pore Water Velocity
Pore water velocity affects contaminant interphase
mass transfer from sediment solids to pore water when
contaminant distribution between solids and water is not
at equilibrium.

Interphase transfer processes, such as

adsorption/desorption, that are removed from equilibrium
have a potential toward change.

In such cases, rate

processes become important in describing interphase
transfer from sediment solids to pore water.
The overall rate of interphase transfer may be
controlled by mass transfer in one or more immobile water
regions as follows: (a) diffusion through a stagnant layer
of water adjacent to the external surface of sediment
particles, (b) intraparticle diffusion from sorption sites
within sediment particles,

(c) diffusion from immobile

water in interparticle spaces, and (d) combinations of the
above (Weber, 1972).

In some applications, mass transfer
47
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Figure 2.4. Desorption Isotherm Illustrating
Non-constant Partitioning (From Myers et al.,
1996b).

in all but one region can be logically or experimentally
eliminated.
Generally, process rates at the field scale are
contolled by mass transfer rather than reactions at
48
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particle surfaces.

However, the migration of metals from

one geochemical phase to another is so slow that solid
phase diffusion is more likely controlling than aqueous
phase diffusion for metals residing in geochemical phases
that are resistant to aqueous leaching.
Because of the difficulty of completely defining all
aspects of mass transfer limitations in sediments and
dredged material, it is convenient to use a general
resistance model to describe all the mass transfer
processes that may be operative when one region cannot be
assumed as rate controlling.

This approach to mass

transfer involves an overall film mass transfer
coefficient (Thibodeaux, 1996; Hill et al., 1988).
Overall film mass transfer coefficients are correlated to
fluid kinematic viscosity, molecular diffusivities of the
contaminants, mean particle diameters, and fluid velocity
(Thibodeaux, 1996).
Pore water velocity affects film mass transfer
coefficients by controlling effective film thickness.

The

shaking action generally employed in laboratory batch
leach tests provides high velocities across particle
surfaces that reduce film thickness.

Consequently, the

boundary layer thickness in batch tests is small, and bulk
aqueous contaminant concentrations can approach the
equilibrium concentration at particle surfaces, depending
49
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on shake time.

Pore water velocities in CDFs and column

leach test are substantially lower than those in a batch
leach test, and may not be high enough to prevent the
development of a boundary layer that limits mass transfer.
The above considerations imply that the equilibrium
concentrations measured in laboratory batch leach tests
may not be realized in pore water concentrations in a CDF
or a laboratory sediment leaching column.
2.5.

Mass Transport Theory

In recent years, mathematical models of contaminant
transport in porous media have advanced significantly
(Hornsby and Davidson, 1973; van Genuchten et al., 1974;
Rao et al., 1979; Valocchi et al., 1981; van Genuchten and
Alves, 1982; Murali and Aylmore, 1983; Rubin, 1983; Parker
and van Genuchten, 1984; Valocchi, 1985; Bear and
Verruijt, 1987; Brusseau and Rao, 1989; Johnson et al.,
1989; National Research Council, 1990; Selim et al., 1990;
Fetter, 1993).

The limited mathematical modeling of

leaching of metals from sediments suggests that one or
more of the available mathematical models will describe
leaching of freshwater sediments.

Fundamentally different

models will be needed to describe the leaching of
estuarine sediments with low ionic strength water.
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For steady flow, aqueous phase contaminant transport
in saturated porous media can be described by the wellknown advection-dispersion equation with constant
parameters (Lapidus and Admundson, 1952; Ogata and Banks,
1961; Freeze and Cherry, 1979; Parker and van Genuchten,
1984).

The basic advection-dispersion equation as applied

to sediment leaching columns is as follows (Hill et al.,
1988):
a2c

dc

9 dx2

dx

„

e

ac

,

dt

and

where
Dp

= longitudinal dispersion coefficient, cm2/sec

x

= space dimension, cm

v

= average pore water velocity, cm/sec

S

= source/sink term, mg/?•sec

t

= time, sec

p

= bulk density, kg/?

n

= volumetric water content (porosity in
saturated media), dimensionless

q

= solid phase contaminant concentration, mg/kg

C

= aqueous phase contaminant concentration, mg/?
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Equations 2.1 and 2.2 provide a theoretical framework
for modeling sediment column elution data (Hill et al.,
1988).

The first term in equation 2.1 represents

dispersive transport (hydrodynamic dispersion plus
diffusion) , and the second term represents advective
transport.

The advective transport term, v(dC/dx), in

equation 2.1 assumes steady flow.

Since flow in a column

leach test can be controlled and the fluid mechanics of
porous media flow are simplified by maintaining constant
flow, it is common practice to take the average pore water
velocity, v, outside the derivative.

Similar expressions

for advection and dispersion could be written for the
other two space dimensions.

However, multi-dimensional

models are not usually needed to simulate steady-flow
transport in saturated laboratory columns.
Advection and dispersion are important processes in
contaminant transport, but the primary emphasis in this
work will be on source term formulations for freshwater
and estuarine dredged material.

The source term

represents the rate of contaminant transfer between solid
and aqueous phases.

The importance of a properly

formulated interphase transfer term for dredged material
was discussed at length in Hill et al. (1988) .

Hill et

al. (1988) considered several approaches to modeling
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interphase transfer as potentially applicable to dredged
material as follows: (i) equilibrium models with and
without an irreversibly sorbed fraction that treat
interphase transfer as governed by water-sediment particle
equilibrium relationships,

(ii) lumped parameter film

models that treat interphase transfer as governed by
diffusion through a stagnant film that surrounds sediment
particles, and (iii) chemical kinetic models, reversible
and irreversible, that treat interphase transfer as
dissolution, adsorption/desorption, or ion-exchange.

Hill

et al. (1988) describe source term formulations for each
of these approaches to modeling transfer of contaminant
mass from dredged material solids to pore water.
The problem encountered in applying mass transport
theory to contaminant leaching from dredged material is
the selection of the appropriate source term formulation
and then obtaining the appropriate coefficients that
appear in the formulation.

Any number of reactions

potentially affect metal mobility in sediments as
previously discussed.

Many of these reactions have been

studied in pure systems and clean soils.

However,

sediments form a chemically heterogenous system which is
not well defined.

Sediments are mixtures of sand, silt,

and clay (kaolinite, montmorilIonite, and illite) with
varying proportions of organic carbon associated with each
53
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fraction.

Within this heterogenous matrix, metals can be

present in a variety of forms and valence states (Brannon
et al., 1976).

Since chemical models, such as surface

complexation, are difficult to apply to ill-defined
systems, simpler empirical approaches have been used to
describe metal mobility and transport behavior in
sediments.
Geochemical partitioning descriptions (Brannon et
al., 197 6 ; Stenneker et al., 1988) are based on
operationally defined chemical extraction methods.

These

methods which partition metal mass into various
geochemical phases can indicate the fraction of metal in
mobile phases, such as the exchangable phase.

Although

geochemical partitioning provides information on the
relative size of metal reservoirs in sediments, this
approach does not provide detailed information on how to
mathematically formulate release from these various
reservoirs.
Other methods for investigating metal mobility in
sediments include laboratory batch and column leach tests.
Batch methods for sediments may involve kinetics and
desorption isotherm analysis, which yield source term
formulations.

The descriptions obtained, however, involve

lumped parameters, and are therefore empirical.

Further,

batch methods do not mimic advective-dispersive and other
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mass transfer effects that can occur in porous media.
Column tests physically model advection and dispersion,
but involve fitting arbritary models to data to obtain
lumped parameters.
2.6

Column tests too are highly empirical.

Summary

Laboratory studies show that a large fraction of
the total sediment-bound metals is in relatively immobile
geochemical phases and unlikely to migrate in leachate.
In the only field study to date, Yu et al. (1978) detected
migration of some metals via the leachate pathway at three
dredged material confined disposal facilities.
A variety of laboratory approaches to describing
metals leaching from sediments and dredged material has
been investigated.

However, complete description of all

the reactions (and their interactions) that govern the
leaching of metals in sediments and dredged material is
not yet feasible.
Some of the simpler approaches identified in Hill et
al. (1988) may be applicable to modeling leaching of
metals from freshwater sediments. The available data
indicate that the same approaches will not be adequate for
modeling leaching of estuarine sediment with low ionic
strength water.
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CHAPTER 3
METALS RELEASE FROM FRESHWATER SEDIMENT
3.1. Introduction

In this study, column leaching tests were conducted
on two freshwater sediments selected to fill information
gaps in prior research.
as follows:

Three major gaps were identified

(i) column leach data are available for only

two freshwater sediments; (ii) in one data set, column
leach data contradicted sequential batch leach data
(Brannon et al., 1992); and (iii) for both data sets, a
simple retardation model did not simulate observed column
elution curves very well (Environmental Laboratory, 1987;
Brannon et al., 1992).

To address the first concern, a

sediment which had not been previously tested by column
leaching, but had been tested by sequential batch
leaching, was selected for study.

This sediment from

Buffalo River, NY, yielded linear desorption isotherms for
metals in prior sequential batch leach testing (Brannon et
al., 1990b).

To address the second concern, the sediment

from Hamlet City Lake, NC, which had been previously
tested by both batch and column methods, was selected for
study to confirm prior column elution trends. This
sediment yielded ill-defined desorption isotherms for
metals in previous research (Brannon et al., 1992).

To

address the third concern, a film/retardation model was
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developed for comparison with a simple retardation model.
Thus, the objectives of this study were to (i) obtain
metal elution curves for Buffalo River sediment
(previously unavailable for comparison with batch data),
(ii) confirm the column elution behavior of metals in
Hamlet City Lake sediment,

(iii) test two models for

describing metals elution from freshwater sediments, and
(iv) provide an improved theoretical framework for
interpreting column leach data for freshwater sediments.
3.2. Theory

Environmental Laboratory (1987) and Brannon et al.
(1992) suggested that simple retardation models could
describe contaminant elution from dredged material.
Brannon et al. (1992) also suggested that more accurate
modeling would require an additional contaminant release
mechanism.

In this section, two mathematical models are

presented.

The first model presented is the well-known

retardation model.

The second model presented adds

diffusion from immobile water regions to the retardation
model.
3.2.1. Retardation Model
Retardation models are based on the local equilibrium
assumption (LEA) (Rubin, 1983; Valocchi, 1985).
Application of the LEA to sediment in a leaching column or
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dredged material in a CDF assumes that as a parcel of
water passes a parcel of sediment solids, the water and
solids come to chemical equilibrium before the parcel of
water moves to contact the next parcel of solids.

In

reality, equilibrium-controlled desorption from dredged
material solids requires an infinitely fast desorption
rate.

However, if the critical interphase transfer rates

are sufficiently fast, the LEA can yield results
indistinguishable from full kinetic modeling (Jennings and
Kirkner, 1984; Valocchi, 1985; Bahr and Rubin, 1987) .
For the LEA, the source termdefinedin equation

2.2

is obtained from the chain rule as follows:

S = -

£ is
n

The term

dq/dC

= -

dt

p is i£
n

dC

(3.1)

dt

represents the functional dependence of

leachate contaminant concentrations on contaminant
concentrations in the dredged material solids.
Sequential batch leaching studies have shown that the
equilibrium distribution of metals between aqueous and
solid phases in freshwater sediments is linear and takes
the following form (Environmental Laboratory, 1987;
Brannon et al., 1990):
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q = Kd C

+

(3-2)

qc

where qr is the metal concentration resistant to aqueous
leaching, mg/kg, and Kj is the equilibrium distribution
coefficient, fi/kg.

Equilibrium distribution coefficients,

KjS, are contaminant and dredged material specific.

As

previously discussed, there is a well-established
geochemical basis for a leaching resistance concentration,
qr, in sediments and dredged material.

Differentiating

equation 3 .2 with respect to time yields

_ y dC
= Kd —
dt
d dt
dq

(3*3)

The source term in equation 2.2 becomes

(»•«>
and equation 2.1 becomes

dt

p dx2

dx

(3.5,

where
R

P K 1d
= 1 + --n

(3.6)
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Equation 3.5 is the governing equation for solute
transport retarded by linear, equilibrium-controlled
sorption.

The retardation factor, R, is primarily

dependent on Kj.

Bulk density and porosity are part of

the mass balance derivation of equations 2.1 and 2 .2 , but
they are not controlling variables that affect the
equilibrium position or desorption rates.
Retardation factors can also be defined for
nonlinear, equilibrium-controlled sorption.

The most

common nonlinear sorption isotherms for metals are
Freundlich and Langmuir (Selim et al., 1990) . The
Langmuir isotherm includes a capacity term which is an
indicator of the maximum monolayer loading that is
possible, a significant parameter for treatment of water
by adsorption.

For desorption of metals from contaminated

sediments, the inclusion of a capacity term has little
significance since the solid phase is already loaded.

In

addition, sequential batch leach testing has shown that a
simple linear isotherm applies to metals desorption from
freshwater sediments in most cases (Environmental
Laboratory, 1987; Brannon et al. 1990).

In the case where

a linear, equilibrium sorption isotherm was not applicable
(Brannon et al., 1992), the isotherms were ill-defined;
that is, the data did not fit linear, Freundlich, or
Langmuir models.
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Equation 3.5 was used as the basic mathematical model
in two previous studies (Environmental Laboratory, 1987;
Brannon et al., 1992).

In the Indiana Harbor study

(Environmental Laboratory, 1987), a semi-infinite solution
was used, and in the Hamlet City Lake study (Brannon et
al., 1992), a finite-length solution was used.
study, the finite-length solution is used.

In this

First,

equation 3.5 is rewritten using the following
dimensionless notation:

*

=

(3.7)
V' t

T = ---

n

v

(3.8)

L

(3.9)

P

where Z, and T denote dimensionless distance and time,
respectively, L is column length (cm) , and P is the column
Peclet number (dimensionless)
1982).

(van Genuchten and Alves,

Dimensionless time, T, is equivalent to pore

volumes eluted.

Equation 3.5 becomes

R dc= i £ c _ d c
dT
P dZ2
dZ
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(3.10)

In order to solve equation 3.10, initial and boundary
conditions have to be specified.

The following initial

and boundary conditions apply to the thin-disk sediment
columns used in this study:
C{Z,

0) = C o

0< Z< 1

C(0,T) = 0

d° (1, T)

Z = 0

=

dZ

T= 0

0

Z = 1

(3.11)

T > 0

(3.12)

0

(3.13)

T>

The solution to this boundary-initial value problem is
given by Cleary and Adrian (197.3, as cited by van
Genuchten and Alves, 1982):

23msin(|3nif)

EXE

C(Z,T) = C r
m = l

PZ

PT

$lT

2

4R

PR

_2 + -P z + —P
R
4
2

(3.14)

where the eigenvalues (3m are the positive roots of the
equation

c o t (Pm ) + |2 = 0

(3-15)
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Equation 3.14 is a finite-length, steady-flow model of
equilibrium-controlled desorption.
3.2.2. Film Model
The film model developed here is a special case of
mobile-immobile water mathematical models described by
several researchers (Skopp and Warrick, 1974; van
Genuchten and Wierenga 1977; De Smedt and Wierenga, 1979;
Rao et al., 1979; Rao et al., 1980).

In the governing

equation developed here, it is assumed that the sediment
is characterized by a distribution of voids, some of which
transmit no water.

The immobile water region present in

the bulk sediment matrix includes immobile films on
sediment particles, pore water in dead-end pores, and
interconnected small pores through which no water flows.
In the mobile water region, solute transport occurs by
advection and dispersion with linear, equilibriumcontrolled desorption.

The immobile water region is a

diffusion source for solutes.
A common approach to representing mass transfer
between mobile and immobile water regions is to use a
linear transfer term (van Genuchten and Wierenga, 197 6 ;
Skopp et al., 1981; Brusseau and Rao, 1989).

The linear

transfer term incorporated into mobile-immobile water
models is equivalent to the film-limited source term
proposed by Hill et al. (1988) for dredged material.
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Hill

et al. (1988) considered an integrated form of Fick's law
for steady-state film transfer as follows:

(3 .1 6 )

where
(A/V) = area of film transfer per bed volume, cm-1
C± = aqueous-phase metal concentration at the
immobile water-sediment solid interface, mg/2
D = molecular diffusion coefficient, cm2/sec
N = mass transfer from immobile to mobile water,
mg/2•sec
Yf = film thickness, cm
The second group in parenthesis,

(C L

-

C) , in

equation 3.16 is the driving force for diffusive transfer
through a hypothetical film representing the immobile
water region.

The linear form in equation 3.16 is

obtained by assuming a linear concentration gradient
within the film, that is, diffusive transfer in the film
is steady-state.

This assumption requires constant film

thickness (steady flow).

The experiments in this study

were conducted under steady-flow conditions.
The film transfer term in equation 3.16 has been
presented in terms of physical non-equilibrium, but this
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term can also model other rate-limited contaminant
transfer phenomena, such as chemical non-equilibria.

For

metals, other such rate-limited phenomena could involve
dissolution, desorption, complexation with aqueous
ligands, and geochemical reactions.
The group of coefficients preceeding the
concentration gradient in equation 3.16 (except the
molecular diffusion coefficient) are operationally defined
and cannot, therefore, be predicted a
properties.

priori

from sediment

Further, these coefficients (except for the

molecular diffusion coefficient) change as experimental
conditions change.

Therefore, they can be grouped into

one empirical coefficient.

Using one empirical

coefficient for the group of coefficients and letting

CL =

constant, equation 3.16 can be written as

N

=

(3.17)

(ci - c )

The basic transport equation (equation 3.5) for advectivedispersive transport with retardation as amended for
diffusion from immobile water regions into mobile water
becomes

kf

(Ci - C )
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(3.18)

Equation 3.18 is the governing equation for solute
transport retarded by linear, equilibrium-controlled
desorption in the mobile water regions and film limited
diffusion of solute from immobile water regions.

The film

coefficient, k5, is an empirical coefficient that will
vary with effective porosity, average pore water velocity,
and molecular diffusivity.

The treatment in equation 3.18

differs from prior treatments of immobile-mobile water
mass transfer (van Genuchten and Wierenga, 1976; Skopp et
al., 1981) by assuming Ci = constant.

This assumption is

reasonable for contaminated sediments because contaminant
concentrations at the end of dead-end pores and in the
center of particle aggregates is relatively unaffected by
diffusion over the time scale of laboratory column
experiments and the sediment solid-phase contaminant
concentrations are unchanged over the time scale of
laboratory column leaching tests.
Equation 3.18 has not been previously applied to
column leaching of freshwater sediment.

Equation 3.18 is

rewritten using the dimensionless notation given in
equations 3.7, 3.8, and 3.9 plus the following
dimensionless notation:
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Equation 3.18 in dimensionless notation becomes equation
3.20 given below.

R

dC

1

3T

P

Letting

a2c
BC
£
dZ2
dZ ♦ ' M ci - c )

<3-2°>

= 'kf Ci and using the initial and boundary

y

conditions given in equations 3.11, 3.12, and 3.13, the
solution is given by (Selim and Mansell, 197 6 as cited by
van Genuchten and Alves, 1982):

=

C{Z, T)

c —
'k.

A(Z, T) -

B (Z, T

(3.21)

t)

where

(Z, T) =

£

E ( £ m, Z ) E X F

m =l

B ( Z r T) = B X {Z)

PZ

'k fT

2

2 '

PT
4R

3

T

PR ,

r- ■B,(2, T)
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(3 .2 2 )

(3.23)

PZ

^
5 ,( 2 )

= 1 -

E

m=l

(3 ,Z)

E

3Z
+
^ Cl

E W m,Z)
B z {Z, T)

P e 2

'k

(3.24)

---------2-------- 2----- ---------------

2

'k f

B ~t~

E

m=l

_

P

p

4

e

P

ZP

'k £ T

PT

&mT

2

R

4R

PR

(3.25)

P2
p2 +
4

+ 'k f P

and
E ^ m,Z)

2 3in sin

(M)

P*

P_

4

2

(3.26)

The eigenvalues, 3m, are the positive roots of equation
3.15.

Equation 3.21 is a finite-length, steady-flow model

of equilibrium-controlled desorption in the mobile water
region and film-controlled mass transfer (linear gradient)
from immobile water to mobile water.
3.2.3. Model Implementation and Comparison
The model equations were implemented using MA.THCAD™
software (version 4.0, Mathsoft, Inc., Cambridge,
Massachusetts) on a desktop computer.

This software

allows the user to input and view equations just as if
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they were written in conventional mathematical notation.
The software then implements the mathematical operations
specified by the equations and outputs results in tabular
or graphical format as requested by the user.
The criterion used to compare goodness-of-fit of the
model equations to the data was the root mean square
statistic.

The root mean square (rms) statistic was

calculated as follow:

rms =

rss

.5

(3.27)

m - p

where
rss = residual sum of squares
m = number of data points
p = number of parameters
and
rss

=

-

(3.28)

y ’Y

where
y = observed value
y 1 = predicted value
The extra sum of squares principle (Kinniburg, 198 6 )
was used to evaluate model improvement provided by adding
more parameters, that is, two fitting parameters in the
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retardation model and four fitting parameters in the
film/retardation model.

The F-ratio needed for this test

is calculated by

r s s x

-

rss2

F(Pz~Plf m~P2) =

m -

p2

(3.29)

rss „

where m, p, and rss are defined as before and the
subscripts refer to model variations.

The extra sum of

squares principle applies provided one model is a
variation of another, as is the case here.
3.3. Materials and Methods

3.3.1. Sediments
Two freshwater sediments were collected for study
(Figure 3.1).

One sediment was from a Federal dredging

demonstration project (Buffalo River, New York)

(Averett

et al., 1996), and the other was from a lake remediation
project involving dredging, Hamlet City Lake, Hamlet,
North Carolina (Brannon et al., 1992).
Dredged material from the Buffalo River was collected
by personnel from the U.S. Army Engineer District, Buffalo
during disposal of mechanically dredged sediment in a CDF
on the shore Lake Erie.

Grab samples were collected in
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19-liter (5 gal.) plastic buckets and shipped on ice byovernight delivery to the U.S. Army Engineer Waterways
Experiment Station (WES), Vicksburg, Mississippi.

At the

WES, Buffalo River sediment samples were mixed to form one
composite sample that was stored at 4 degrees centigrade
until tested.
Sediment samples from Hamlet City Lake, Hamlet, North
Carolina, were collected by personnel from the U.S. Army
Engineer District, Wilmington.

Sediments were collected

from various locations in the area proposed for
remediation dredging using a 10 -cm diameter polyvinyl
chloride hand corer.

Sediment cores were placed in 8.5 fi

(2.5 gal.) plastic buckets and shipped on ice by overnight
delivery to the WES.

At the WES, Hamlet City Lake

sediment samples were mixed to form one composite sample
that was stored at 4 degrees centigrade until tested.
Sediment properties are listed in Table 3.1, and
metal and total organic carbon (TOC) concentrations are
listed in Table 3.2.

Water content and specific gravity

were determined by standard techniques for soils (Corps of
Engineers, 1970).

Buffalo River sediment was analyzed by

Battelle Marine Sciences Laboratory, Sequim, WA, using
inductively coupled plasma mass spectrometry following
appropriate digestion methods (USEPA, 1991) for all metals
except iron.

Iron was analyzed by flame atomic
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Figure 3.1. Freshwater Sediment Vicinity Maps.
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Table 3.1
Sediment
Physical Properties
Freshwater
Paramteter

Buffalo River

Hamlet City Lake

0.94

1.81

Percent Sand2

20

70

Percent Silt

50

28

Percent Clay3

30

2

2.56

2.33

Water Content1

Specific Gravity

1 weight of water/weight of dry solids
2 > 75 ym
3 < 5 ym

adsorption..

Hamlet City Lake sediment was analyzed by the

Environmental Chemistry Branch using directly coupled
plasma emission spectroscopy or atomic adsorption
spectroscopy with hot graphite furnace following
appropriate digestion methods (USEPA, 1992).
3.3.2. Laboratory Column Leaching
Column leach tests were conducted in thin-disk
columns (Figure 3.2) designed specifically for evaluation
of fine-grained sediment and dredged material leaching
potential (Myers et al., 1991).

The apparatus was

designed to simulate leaching of sediments and dredged
material in a continuous flow mode, minimize wall effects,
and hold average pore water velocities to about 10-5
cm/sec or less while producing sufficient sample volumes
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for chemical analysis of samples representing fractional
pore volumes.
Table 3.2
Freshwater Sediment Metal and Total Organic Carbon
(TOC) Concentrations (mg/kg)1
Parameter

Buffalo River

Hamlet City Lake

21,000

53,000

Cadmium

0.75

0.58

Chromium

53

37.8

35. 6

202

Iron

32,700

ND

Lead

50.9

216

806

ND

42.9

12.5

168

124

TOC

Copper

Manganese
Nickel
Zinc

1 average of three samples

ND: no data
Sediment was placed in leaching columns at in situ
water content in small increments and manually vibrated
with a spatula to minimize air entrapment.

Since the

sediment water contents exceeded saturation, the sediments
were easily worked using manual techniques.

After the

columns were filled, distilled-deionized deaired water was
pumped in upflow mode through the columns with a constant
volume discharge pump (Model QG6-2-SSy, Fluid Metering,
Inc., Oyster Bay, NY).
Column leach tests were run in duplicate for each
sediment.

Arbitrary column numbers were assigned as
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6.350 mm STAINLESS STEEL TUBING (OUTLET)
12.700 mm x 6.350 mm COMPRESSION FITTING
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9.525mm ALL THREAD ROD
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©
O-RING SEAL

SINTERED STAINLESS
STEEL DISTRIBUTION
DISK (4.763 mm x254 mm DIAM)
SEDIMENT CHAMBER
45 mm x254 mm DIAM

SINTERED STAINLESS
STEEL DISTRIBUTION
DISK(4.763 mm x254 mm DIAM)

O-RING SEAL
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TUBING (INLET)

B

Figure 3.2. Thin Disk Column Leaching Apparatus.
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follows: Buffalo River columns 1 and 2 and Hamlet City
Lake columns 5 and 6 .

There were no columns numbered 3

and 4 in this study.
3.3.3. Leachate Sampling and Sample Preservation
and Analysis
Separate leachate samples were collected for metals
analysis, TOC, and pH plus electrical conductivity (EC) .
Leachates were not filtered.

As leachate was collected

for metals analysis, pH was adjusted to £ 2 using Ultrex
nitric acid.

Samples collected for TOC were preserved by

adjusting pH to £ 2 with sulfuric acid.

Samples collected

for pH plus EC were immediately analyzed using a pH meter
and an electrical conductivity meter, respectively.
Cadmium (Cd) , chromium (Cr) , copper (Cu) , manganese
(Mn), lead (Pb), nickel (Ni), and zinc (Zn) in Buffalo
River leachate samples were analyzed by Battelle Marine
Sciences Laboratory, Sequim, Washington, using inductively
coupled plasma emission spectroscopy (USEPA, 1991).

Iron

(Fe) was analyzed by flame atomic absorption spectroscopy.
Metals in Hamlet City Lake leachate samples were analyzed
by the Environmental Chemisty Branch, WES, using directly
coupled
plasma emission spectroscopy or atomic absorption
spectroscopy with graphite furnace atomization (USEPA,
1992).

All leachate samples for metals analysis were

digested prior to analyis using appropriate procedures
(USEPA, 1991).

TOC in leachate and sediment samples for

Buffalo River and Hamlet City Lake were analyzed by the
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Environmental Chemistry Branch, WES, using persulfate
digestion, an Oceanographic International 543B organic
carbon analyzer, and standard procedures (USEPA, 1992).
Detection limits for leachate from each sediment are
listed in Table 3.3.

Table 3.3
Detection Limits for Buffalo River and Hamlet
City Lake Sediment L eachates1
Buffalo River

Hamlet City Lake

DL (mg/2)

DL (mg/2)

Cadmium

0.0005

0.0001

Chromium

0.0005

0.005

Copper

0.002

0.005

Iron

0.05

0.02

Manganese

0.005

0.005

Lead

0.0002

0.001

Nickel

0.001

0.005

Zinc

0.002

0.010

TOC

1.0

1.0

Sediment

1 Leachate samples were digested prior to

analysis. Leachates were not filtered.
DL Detection Limit

Differences in detection limits for Buffalo River and
Hamlet City metal analyses are due to differences in
sample matrices and bench chemical techniques.
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3.4. Results

3.4.1. Column Operation
Column operating parameters were similar for all four
freshwater sediment columns (Table 3.4).

Determination of

the parameters listed in Table 3.4 except bulk density is
described in Appendix A.

Average pore water velocities

obtained from column operating records were of the same
order of magnitude, 10-6 cm/sec, for all four columns.

In

addition, average pore water velocities for duplicate
columns were very close.

Dispersion coefficients

determined from salt tracer studies were of the same order
of magnitude, 10“6 cm2/sec, for all four columns.
Dispersion coefficients for duplicate columns were in good
agreement and within a factor of three.

Column Peclet

numbers were also in close agreement and within a factor
of about two and one-half.

These data show that the

hydraulics of duplicate columns were very similar and that
there should be no major differences in metal elution for
duplicate columns due to differences in flow.

The column

operating parameters for the duplicate Buffalo River
columns, in particular, were very close.

Dispersion

coefficients for the Hamlet City Lake columns were slighly
different, resulting in slight differences in column
Peclet numbers.
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Table 3.4
Column Operating Parameters for Buffalo River and
Hamlet City Lake Leach Tests
V
(cm/s)

,D>
(cm2
/sec)

P

ne

(kg/5)

BR-1

6.44E-06

6.37E-06

4.0

0.57

0.74

BR-2

6.72E-06

2.77E-06

9.7

0.55

HL-5

3.86E-06

3.33E-06

4.6

0.80

HL-6

3.84E-06

1.59E-06

9.7

0.67

Sediment

Pb

0.56

v: average pore water velocity
Dp: dispersion coefficient
P: column Peclet number, dimensionless
ne: effective porosity, dimensionless
pb: bulk density, dry solids/unit volume
3.4.2. General Leachate Quality
The pH of leachate from Buffalo River sediment was
generally steady during column leaching at about 7.3 pH
(Figure 3.3).

Column leachate pH for Hamlet City Lake

sediment increased slightly from initial values around 6.3
pH to steady values around 6.7 pH during column leaching
(Figure 3.4).

The pH of flooded soils and sediments is

regulated by the carbonate system and oxidation-reduction
reactions involving iron (Ponnamperuma et al., 1966).
After submergence and development of anaerobic conditions,
the pH of acid soils tend to increase, and the pH of
alkaline soils tend to decrease.

As a result, the pH of
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most flooded soils and sediments is in the range of 6 to 7
(Ponnamperuma et al., 1966).

Thus, the slight increase in

pH for the Hamlet City Lake sediment during column
leaching is as expected.

The pH trends for the Buffalo

River sediment were generally as expected.
The electrical conductivity (EC) of column leachates
for Buffalo River and Hamlet City Lake sediments showed
classical washout trends as expected (Figures 3.3 and 3.4,
respectively). Since EC is a measure of dissolved ions, a
washout curve that monotonically decreases is expected.
Nonideal behaviour of EC elution curves, such as sudden
increases followed by rapid decreases, is usually an
indication of nonideal flow, for example in the case of
pockets of sediment through which water had not been
flowing open up and begin to transmit water.
elution

The EC

curve from one of the Buffalo River sediment

columns (BR-2) showed a minor deviation from ideal flow.
One datum in the BR-2 EC elution curve was out of line
with the otherwise monotonically decreasing trend in the
elution curve.

EC elution curves from the other Buffalo

River sediment column and both Hamlet City Lake sediment
columns showed no evidence of nonideal flow during
testing.
Total organic carbon (TOC) elution curves for Buffalo
River and Hamlet City Lake sediments are shown in Figure
.
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Figure 3.3. Column Leachate pH and EC for Buffalo River
Sediment.
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Figure 3.4. Column Leachate pH and EC for Hamlet City Lake
Sediment.
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Figure 3.5. Total Organic Carbon Elution Curves for
Buffalo River and Hamlet City Lake Sediments.
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3.5.

TOC concentrations in column leachate from Buffalo

River sediment decreased during testing, beginning
slightly above 30 mg/m? and ending between 10 and 20
mg/m5.

Monotonically decreasing TOC elution from

freshwater sediment has been previously reported
(Environmental Laboratory, 1987) and is the type of
elution behavior expected for freshwater sediments.

TOC

concentrations in column leachate from Hamlet City Lake
sediment were initially low (about 10 mg/mC) , increased to
about 30 mg/5, and then was steady at around 25 mg/m2.
This type of TOC elution was not expected for a freshwater
sediment and the reason(s) for this elution behavior for
TOC in Hamlet City Lake sediment is not known.
3.4.3. Metals Elution From Freshwater Sediments
3.4.3.1. Buffalo River Sediment
Metal elution curves for Buffalo River sediment are
shown in Figures 3 .6 through 3.9.

Agreement between

duplicate leaching columns for Buffalo River sediment was
good.

In general, the metal elution curves showed a

tendency for initial concentrations to decrease and in
several cases decrease rapidly, followed by a tendency to
hold steady.

Manganese and iron were exceptions.

Copper concentrations in column leachate from Buffalo
River sediment (Figure 3.6) were low except for the
initial values.

The overall trend was for initial values
84
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Figure 3.6. Copper and Chromium Column Elution Curves for
Buffalo River Sediment.
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to rapidly decrease and then hold steady.

After one pore

volume was eluted, copper concentrations were steady and
near the detection limit (2 pg/G) .

This type of elution

curve suggests that the initial reservoir of leachable
copper in Buffalo River sediment was sediment pore water.
After the sediment pore water was eluted, a leachable
reservoir of sediment copper was able to maintain copper
concentrations at reduced levels.

This type of elution

behavior was the most common leaching trend observed for
metals in Buffalo River sediment.
Chromium concentrations in column leachate from
Buffalo River sediment (Figure 3.6) like copper were low
except for the initial value for column 2.

After one pore

volume was eluted, chromium concentrations slowly
decreased.

This type of elution curve suggests that the

initial reservoir of leachable chromium in Buffalo River
sediment was sediment pore water.

After the sediment pore

water was eluted, a leachable reservoir of sediment
chromium remained that was capable of maintaining chromium
concentrations at reduced levels.
Manganese concentrations in column leachate from
Buffalo River sediment (Figure 3.7) decreased from initial
concentrations near 1650 pg/G to slightly less than 400
pg/G by the time eight pore volumes were eluted.
Duplicate elution curves were in close agreement and
86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

BUFFALO RIVER
1,600

Mn
•

cn

▲ COLUMN 2
DL = 5 |ig /i

. 1,200

P

COLUMN 1

800

LLI

400

25

BUFFALO RIVER
Fe
•

COLUMN 1

▲ COLUMN 2
DL *= .05 mg/I

03

E
O

15

l
<
tr
hzU
L
O
z
o

10

o

0

2

8
4
6
T, PORE VOLUMES ELUTED

10

Figure 3.7. Manganese and Iron Column Elution Curves
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showed a smooth decline in leachate manganese
concentrations.

The manganese elution curve shows that

there was a leachable reservoir of manganese in Buffalo
River sediment capable of maintaining measurable manganese
concentrations throughout the leaching test.
Iron concentrations in column leachate from Buffalo
River sediment (Figure 3.7) increased from initial
concentrations to peak values that were observed after
about one pore volume was eluted.
concentrations decreased.

Thereafter, iron

Replication of initial trends

was poor, but replication of the decreasing trend was
good.

The iron elution curves for Buffalo River sediment

suggests complicated chemistry affecting initial iron
release.

The shape of the iron elution curves after the

peak concentrations are eluted indicates that iron
concentrations were replinished by a leachable reservoir
of iron capable of maintaining measurable iron
concentrations for a long period of time.
Nickel concentrations in column leachate from Buffalo
River sediment (Figure 3.8) were low except for initial
values.

The overall trend was for initial values to

rapidly decrease and then become steady at concentrations
slightly above the detection limit (1 pig/d) . The elution
trends and concentrations were in good agreement for the
two columns.

The nickel elution curves suggest that the
88
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initial reservoir of leachable nickel in Buffalo River
sediment was sediment pore water.

After the sediment pore

water was eluted, a leachable reservoir of sediment nickel
was able to maintain nickel concentrations at reduced
levels.
Cadmium concentrations in column leachate from
Buffalo River sediment (Figure 3.8) were below the
detection limit in all samples.

This type of elution

curve indicates that there was no detectable cadmium in
the sediment pore water initially and that the reservoir
of leachable cadmium is so low that cadmium leaching from
Buffalo River sediment is negligible.
Lead concentrations in column leachate from Buffalo
River sediment (Figure 3.9) decreased rapidly from initial
values and then tended hold steady or slowly decrease
during column leaching.

This type of elution curve

suggests that the initial reservoir of leachable lead in
Buffalo River sediment is sediment pore water.

After the

sediment pore water was eluted, a reservoir of leachable
lead was able to maintain lead concentrations at reduced
levels.
Zinc concentrations in column leachate from Buffalo
River sediment (Figure 3.9) decreased rapidly from initial
concentrations and then tended to slowly decrease.

The

zinc elution curves suggest that the sediment pore water
90
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was the initial reservoir of leachable zinc in Buffalo
River sediment and that after the pore water was eluted, a
reservoir of leachable zinc maintained zinc concentrations
at slowly declining, but persistent levels.
3.4.3.2. Hamlet City Lake Sediment
Metal elution curves for Hamlet City Lake sediment
are shown in Figures 3.10 through 3.13.

In general, the

metal elution curves showed a tendency for initial
concentrations to decrease rapidly.
exception.

Iron was an

One column, column 6 , produced significantly

higher initial concentrations of copper, chromium, nickel,
and zinc than the other column, column 5.

Otherwise

agreement between duplicate columns was good.
Copper concentrations in column leachate from Hamlet
City Lake sediment (Figure 3.10) were low except for the
initial value for column 6 . The overall trend was for
initial concentrations to rapidly decrease.

After two

pore volumes were eluted, most copper concentrations were
below the detection limit for copper (5 pg/fi) . This type
of elution curve suggests that the initial reservoir of
leachable copper in Hamlet City Lake sediment is sediment
pore water.

After the sediment pore water was eluted,

copper release was negligible.
Chromium concentrations in column leachate from
Hamlet City Lake sediment (Figure 3.10) were below the
92
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detection limit (5 pg/8) except for the initial value for
column 6 . The chromium elution curves indicate that the
leachable reservoir of chromium in Hamlet City Lake
sediment was so low that chromium leaching was negligible.
Manganese concentrations in column leachate from
Hamlet City Lake sediment (Figure 3.11) decreased from
initial concentrations between 1300 and 1500 y.g/8 to less
than 200 jig/8 by the time four pore volumes were eluted.
The managenese elution curves showed that there was a
leachable reservoir of manganese in Hamlet City Lake
sediment capable of maintaining measurable manganese
concentrations throughout the column leaching test.
Iron concentrations in column leachate from Hamlet
City Lake sediment (Figure 3.11) increased from initial
concentrations to peak values between 35 and 40 mg /8 after
elution of one pore volume.
concentrations decreased.

Thereafter, iron
Replication between the

duplicate columns was good and showed that the elution
behaviour of iron was reproducible.

This type of elution

curve indicates that the reservoir of leachable iron was
mobilized during the beginning stages of the column test.
The shape of the iron elution curves after the peak
concentrations were eluted indicates that iron
concentrations were replenished by a leachable reservoir
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Figure 3.11. Manganese and Iron Column Elution Curves for
Hamlet City Lake Sediment.
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capable of maintaining iron concentrations for a long
period of time.
Nickel concentrations in column leachate from Hamlet
City Lake sediment (Figure 3.12) showed a general
decreasing trend.

Initial values and initial trends were

not in good agreement for the two columns.

Nickel

leachate concentrations in column 6 decreased from an
initially high value.

Nickel leachate concentrations in

column 5 increased from an initially low concentration and
then decreased.

Nickel concentrations in the two columns

were in good agreement after the initial values. After
the elution of one pore volume, nickel concentrations in
leachate from both columns were generally below the
detection limit (5 jig/C) . The nickel elution curves
suggest that the reservoir of leachable nickel in Hamlet
City Lake sediment was sediment pore water.

After the

sediment pore water was eluted, nickel release was
negligible.
Cadmium concentration in column leachate from Hamlet
City Lake sediment (Figure 3.12) were low except for the
initial values.

The overall trend was for initial

concentrations to rapidly decrease.

Before one pore

volume was eluted, cadmium concentrations dropped to below
the detection limit (0.1 pg/8) .

This type of elution

curve suggests that the reservoir of leachable cadmium in
96
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Figure 3.12. Nickel and Cadmium Column Elution Curves
Hamlet City Lake Sediment.
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Hamlet City Lake sediment was sediment pore water.

After

the sediment pore water was eluted, cadmium release was
negligible.
Lead concentrations in column leachate from Hamlet
City Lake sediment (Figure 3.13) were below the detection
limit (1

]ig/i)

.

This type of elution curve suggests that

the reservoir of leachable lead in Hamlet City Lake
sediment was negligible.
Zinc concentrations in column leachate from Hamlet
City Lake sediment (Figure 3.13) decreased from initial
concentrations between 150 and 525

]ig/l

to below detection

limit values (10 pg/G) by the time two pore volumes were
eluted.

The zinc elution curves suggest that the sediment

pore water was the initial reservoir of leachable zinc in
Hamlet City Lake sediment and that after the pore water
was eluted, zinc leaching was negligible.
3.4.3.3. Summary of Elution Trends for
Freshwater Sediments
A qualitative evaluation of metals leaching trends
for Buffalo River and Hamlet City Lake sediments is
presented in Table 3.5.

Buffalo River sediment yielded

primarily monotonic elution curves.
exception.

Iron was the single

All of the Buffalo River metals elution

curves, except cadmium, showed significant tailing.
Cadimum was the only metal in Buffalo River sediment that
98
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Figure 3.13. Lead and Zinc Column Elution Curves for
Hamlet City Lake Sediment
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did not leach in amounts yielding detectable
concentrations.

Rapid declines from initial

concentrations were observed for three of seven metals -

Table 3.5
Summary of Freshwater Sediment Metals Leaching Trends
Metal

Buffalo

Cd

River

Cu

YES

YES

YES

Cr

YES

YES

YES

Fe

NO

NO

YES

Mn

YES

NO

YES

Ni

YES

YES

YES

Pb

YES

YES

YES

Zn

YES

NO

YES

Hamlet

Cd

YES

YES

NO

City

Cu

YES

YES

NO

Lake

Monotonic

Rapid
Decline

Tailing

Sediment

BDL

BDL*

Cr
Fe

NO

NO

YES

Mn

YES

YES

Ni

7

NO
7

NO

7
BDL

Pb
Zn

Remarks

YES

YES

YES

BDL: all samples were below the detection limit
BDL*: all but one sample was below the detection limit
?: poor duplication between columns
100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

cadmium excluded.

Metals leaching from Hamlet City Lake

sediment was not as consistent as the metals leaching from
Buffalo River sediment.

Two metals, chromium and lead,

did not leach in amounts sufficient to yield detectable
concentrations in leachate.

Of the remaining six metals,

three showed significant tailing and three did not.

As

for Buffalo River sediment, metals elution curves for
Hamlet City Lake sediment tended to be monotonic.
iron was the exception.

Again

Rapid declines from initial

concentrations were observed for three metals and possibly
a fourth - nickel.

Column duplication of nickel elution

curves was poor for Hamlet City Lake sediment.

As a

result, it was difficult to characterize nickel leaching
trends for Hamlet City Lake sediment.
3.4.4. Modeling

Retardation and film/retardation models (equations
3.14 and 3.21, respectively) were fitted to the TOC and
metal elution curves for Buffalo River and Hamlet City
Lake sediments.

Observed and fitted metal elution curves

for Buffalo River and Hamlet City Lake sediments are shown
in Figures 3.14 through 3.20 and 3.21 through 3.26,
respectively.

Observed and fitted TOC elution curves for

Buffalo River and Hamlet City Lake sediments are shown in
Figures 3.27 and 3.28, respectively.

In those cases where

a metal did not consistently leach above the detection
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limit (cadmium for Buffalo River sediment and chromium and
lead for Hamlet City Lake sediment), no model fits were
prepared.
Tables 3.6 and 3.7 list root mean squares (rms)
calculated using equation 3.27 for each model for Buffalo
River and Hamlet City Lake sediments, respectively.
Generally, the film/retardation model provided better fit
(lower rms) for metals than the simple retardation model.
F statistics (equation 3.29) were calculated and are
also provided in Tables 3.6 and 3.7.

The null hypothesis

of FRetardation = FFllm/Retardation for a one-sided test was used to
determine if there was statistically significant
improvement of the retardation model by adding a term for
film effects.

The null hypothesis was rejected if F >

Fp(p2-p1,m-p2), where p = level of significance.

Values

for Fp(p2-p1,m-p2) were obtained from Tables 6a and 6b of
Miller and Freund (1977) .
There were more incidences of significant F
statistics for the Buffalo River elution curves than for
the Hamlet City Lake elution curves.

F statistics were

significant at the p = 0.01 level for most of the Buffalo
River sediment metal elution curves.

Seven of twelve

Hamlet City Lake metal elution curves had F statistics at
either the p = 0.01 or p = 0.05 levels of significance.
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Table 3.6
Root Mean Square (RMS} Values and F Statistics for
Model Fits to Buffalo River Elution Curves
RMS
Parameter

Column

Retardation

Film/R

Cr

BR-1

2.875

0.544

32.14*

BR-2

6.178

0.868

45.88*

BR-1

9.273

3.792

10.84*

BR-2

6.970

1.177

36.91*

BR-1

1531

1053

3.04

BR-2

3748

2412

4.15**

BR-1

319.9

100.87

16.29*

BR-2

334.4

31.969

70.95*

BR-1

3.727

1.440

11.91*

BR-2

6.479

2.500

11.93*

BR-1

3.531

1.660

8.45*

BR-2

1.993

1.427

2.97

BR-1

4.971

2.030

10.87*

BR-2

2.412

0.413

36.30*

BR-1

6.891

5.742

1.10

BR-2

3.083

3.288

-0.34

Cu

Fe

Mn

Ni

Pb

Zn

TOC

F

* significant at p = 3.01
** significant at p = 0.05
Retardation: equation 3.14; Film/R: equation 3.21
Since the F ratio is a statistical parameter for
comparing rms values and therefore goodness-of-fit, the
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model fits are significantly different.

In the

retardation model, there are two adjustable parameters:
the initial concentration, CQ, and the retardation factor,
R.

In the film/retardation model, there are four

adjustable parameters: CQ, R, the dimensionless film
transfer coefficient, 'k5, and the lumped parameter
'kf

C L.

y

=

The latter two parameters model steady diffusion

from immobile water regions.

Many of the elution curves

show a distinct tendency for metal concentrations to hold
steady after a couple of pore volumes were eluted.
Elution curves for manganese and zinc for both sediments
and lead for Buffalo River, in particular, showed distinct
tendencies for metal concentrations to persist at reduced
concentrations after the elution of a couple of pore
volumes.

To capture this phenomenon mathematically, a

source term is required that prevents or slows the decline
in contaminant concentrations late in the elution curve
without significantly impacting the early portion of the
elution curve.

The retardation model does not capture

this effect very well because a large retardation factor
is needed to simulate persistence, but a large retardation
factor does not allow initial values to decrease rapidly,
as was the case for most of the metal elution curves.

In

the film/retardation model, the retardation coefficient
can be adjusted to fit the early part of the metal elution
104
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Figure 3.14. Fitted and Observed Copper Elution
Curves for Buffalo River Sediment.
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Figure 3.15. Fitted and Observed Chromium Elution
Curves for Buffalo River Sediment.
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Figure 3.16. Fitted and Observed Iron Elution
Curves for Buffalo River Sediment.
107

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

BUFFALO RIVER ( COLUMN 1 )
1,600

Mn
OBSERVED
RETARDATION

FILM

1,200

800

400

C O f l UUO'U'Oo

a>
2

O
I
<c
c
2
m

2,000

BUFFALO RIVER ( COLUMN 2 )
Mn
OBSERVED
RETARDATION
FILM

1,500

1,000

500

0
0

4
8
6
2
T, PORE VOLUMES ELUTED

10

Figure 3.17. Fitted and Observed Manganese Elution
Curves for Buffalo River Sediment.
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Figure 3.18. Fitted and Observed Nickel Elution
Curves for Buffalo River Sediment.
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Figure 3.19. Fitted and Observed Lead Elution
Curves for Buffalo River Sediment.
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Figure 3.20. Fitted and Observed Zinc Elution
Curves for Buffalo River Sediment.
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Table 3.7.
Root Mean Square (RMS) Values and F Statistics
for Model Fits to Hamlet City Lake Elution Curves
RMS
Parameter

Column

Retardation

Film/R

F

Cr

HL-5

1.870

1.505

1.33

HL-6

7.841

2.019

15.86*

HL-5

4.209

2.803

2.76

HL-6

49.578

20.933

7.53*

HL-5

12540

13050

-0.21

HL-6

10850

10970

-0.06

HL-5

238.748

55.873

18.00*

HL-6

285.058

79.968

14.11*

HL-5

14.644

15.918

-0.44

HL-6

92.750

32.205

10.34*

HL-5

12.003

5.759

5.96**

HL-6

112.503

42.826

8 .88 *

HL-5

12.850

14.070

-0.48

HL-6

7.711

8.492

-0.51

Cu

Fe

Mn

Ni

Zn

TOC

* significant at p = 0.01
** significant at p = 0.05
Retardation; equation 3.14; Film/R: equation 3.21
curve, and the film diffusion coefficient can be adjusted
to fit the tail of the metal elution curves.
Better fit by the film/retardation model is expected
since the film/retardation model has four adjustable
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parameters and the retardation model has only two
adjustable parameters.

However, since the F statistic as

defined in equation 3.29 accounts for differences in the
number of adjustable parameters, it is not just the
increase in the number of adjustable parameters that
improves fit.

The mathematical formulation of the source

term to describe a real phenomenom (diffusion from
immobile water regions) is the key to better fit for the
Buffalo River sediment metal elution curves and some of
the Hamlet City Lake sediment metal elution curves. The
difference in interpretation for Buffalo River and Hamlet
City Lake sediments is discussed in the next section on
parameter estimates.
The retardation model provided better fit for TOC
(lower rms values) than the film/retardation model (Tables
3.6 and 3.7).

TOC F statistics were not significant for

either Buffalo River or Hamlet City Lake sediments at the
p = 0.05 level.
Although the differences were not statistically
significant, TOC elution curves for Buffalo River and
Hamlet City Lake sediments were better modeled by the
simple retardation model (as indicated by the rms values)
than by the film/retardation model.

The simple

retardation model fit the TOC elution curves for Buffalo
River sediment throughout the entire range of data
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Figure 3.21. Fitted and Observed Copper Elution
Curves for Hamlet City Lake Sediment.
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Figure 3.22. Fitted and Observed Chromium Elution
Curves for Hamlet City Lake Sediment.
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Figure 3.23. Fitted and Observed Iron Elution
Curves for Hamlet City Lake Sediment.
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Figure 3.24. Fitted and Observed Manganese Elution
Curves for Hamlet City Lake Sediment.
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Figure 3.25. Fitted and Observed Nickel Elution
Curves for Hamlet City Lake Sediment.
118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

200

HAMLET LAKE ( COLUMN 5
Zn
OBSERVED
RETARDATION
FILM

150

100

50
03
=
L

Z

o
I
—
<
tr
Z

600

HAMLET LAKE ( COLUMN 6

LLI

o

Z
g

Zn
500

OBSERVED
RETARDATION
FILM

400

300

200

100

0

4
3
1
2
T, PORE V O LU M ES ELUTED

5

Figure 3.26. Fitted and Observed Zinc Elution
Curves for Hamlet City Lake Sediment.
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collected.

Neither model fit the early portion of the TOC

elution curves for Hamlet City Lake sediment.

Differences

in fit for Hamlet City Lake were not significant because
neither model could simulate the initial trends in the
Hamlet City Lake TOC elution curves. The resulting rms
and F statistic values reflected primarily the failure of
both models to simulate initial trends.
3.4.5. Parameter Estimates
Parameter estimates from model fits are provided in
Tables 3.8 and 3.9 for the film/retardation model and
Table 3.10 for the retardation model.

Metal retardation

factors were less than ten (10) for most metals.

R = 1 is

the lowest possible value and indicates no retardation.
Retardation factors for iron ranged from 3.6 to 13 and for
manganese from 1.5 to 7.

Otherwise, metal retardation

factors were generally less than 5, and in several
instances equal to one.

Equilibrium distribution

coefficients (Kds) associated with the fitted retardation
coefficients ranged from 0 to 11 0/kg.

Equilibrium

partitioning coefficients for hydrophobic organic
compounds to sediments are generally much larger
(Karickhoff et al., 1979; Means et al., 1980; Brownawell,
1986; Brannon et al., 1994b).

The low metal distribution

coefficients observed in this study suggest that the
quantity or availability of reversible binding sites on
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Figure 3.27. Fitted and Observed Total Organic Carbon
Elution Curves for Buffalo River Sediment.
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3.28. Fitted and Observed Total Organic Carbon
Elution Curves for Hamlet City Lake Sediment.
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Table 3.8.
Fitted Parameter Values for Buffalo River Sediment
and the Film/Retardation Model
Parameter
Chemical

Column

C0

R/Kd

Cr

BR-1

10

1 .0 /0.0

1.12

1.02

BR-2

20

1 .0 /0.0

1.49

14.3

BR-1

140

1 .0/0.0

1.86

6.21

BR-2

25

1 .0/0.0

2.68

11.9

BR-1

16.5

13/11.5

4 .35

36.0

BR-2

25

8 .0/6 .7

2.98

23.8

BR-1

1.9

1.7/0.7

0.62

0.59

BR-2

1.9

4.7/3.6

4 .05

1.19

BR-1

60

1 .0/0.0

1.24

7. 45

BR-2

65

1 .0 /0.0

2.08

7.74

BR-1

28

2 .5/1.4

2.48

5.59

BR-2

9.5

8 .5/7.2

5.95

4.21

BR-1

18

3.0/1.9

2.48

12.4

BR-2

9.5

3.0/1.9

1.79

9.52

BR-1

31

7.0/5.8

1.24

31.1

BR-2

35

6 .0/4.8

2.98

80.4

Cu

Fe

Mn

Ni

Pb

Zn

TOC

fKf

y

C0: initial sediment porewater concentration, fj.g/H
except Fe and Mn, which are mg/2
Kd: equilibrium distribution coefficient, 2/kg
R: retardation factor, dimensionless
'Kf: dimensionless film mass transfer coefficient
y: lumped parameter 'KfCif (J-g/i. except Fe and Mn which
are mg/2

123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 3.9
Fitted Parameter Values for Hamlet City Lake
Sediment and the Film/Retardation Model
Column Parameter

Fitted Values
C0

Cr

Cu

Fe

Mn

Ni

Zn

TOC

R/Kd

'Kf

y

HL-5

4.5

2 .0/1 .4

3.11

4.14

HL-6

25

1 .0/0.0

7.29

9.90

HL-5

20

1 .0/0.0

2.07

0

HL-6

160

1 .0/0.0

2.08

0

HL-5

41

3.5/3.4

4.14

9.33

HL-6

36

3.3/3.1

5.21

15.6

HL-5

1.5

7.0/8.1

8.28

2.07

HL-6

1.8

7.0/8.1

8 .33

1.04

HL-5

60

1 .6/0.8

0.01

0

HL-6

300

4.1/4.2

10.4

0

HL-5

170

1 .2 /0 .3

1.04

0

HL-6

550

1 .8/1.1

3.12

0

HL-5

35

6.2/7.1

0.001

1.14

HL-6

25

7.3/8. 6

0.007

2.08

C0: initial sediment porewater concentration, (J.g/1
except Fe and Mn, which are mg/C
Kd: equilibrium distribution coefficient, C/kg
R: retardation factor, dimensionless
'Kf: dimensionless film mass transfer coefficient
y: lumped parameter 'KfCi, £*g/C except Fe and Mn
which are mg/C
Buffalo River and Hamlet City Lake sediments for metals is
small relative to the quantity of binding sites normally
found in sediments for organic chemicals or that the local
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Table 3.10
Fitted Retardation Model Parameters for
Buffalo River and Hamlet City Lake Sediments
Chemical

Cr

Cu

Fe

Mn

Ni

Pb

Zn

TOC

Hamlet City Lake
C0
R/Kd

Buffalo River
C0
R/Kd
BR-1 BR-2 BR-1

BR-2

HL-5

HL-6

HL-5

HL-6

6 .0 /

3.0/

4

20

2 .0 /

1 .0/

4.8

1.9

1.4

0.0

1 .0/

2 .0 /

1 .0 /

1 .0/

0.0

0.96

0.0

0.0

11/

6 .0 /

3.6/

3.6/

9.6

4.8

3.5

3.5

3.0/

2.5/

1 .8 /

1.5/

1.9

1.4

1.1

0.7

1 .0/

1 .0 /

1 .6/

1 .0/

0.0

0.0

0.8

0.0

2 .0/

2 .6/

0.96

1.5

3.0/

4.0/

1.9

2.9

8 .0 /

9.5/

6.7

8.1

10

105

14

1.9

50

25

20

31

20

25

23

1.9

50

8

10

33

18

41

1.35

60

150

36

1.5

285

Did Not Leach

165

35

500

25

1 .0 /

1 .0/

0.0

0.0

6 .2 /

8 .0/

7.1

9.5

C0: initial sediment porewater concentration, nq/l
except Fe and Mn, which are mg/?
R: retardation factor, dimensionless
Kd: equilibrium distribution coefficient, C/kg
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equilibrium assumption was not valid during the column
leaching tests.
The overall range in dimensionless film coefficients,
*Kfs, for metals was 0.01 to 10.4, and for toxic metals
(copper, chromium, cadmium, lead, nickel, and zinc) 'Kcs
were greater than 1 and generally less than 8 .

The model

fits for nickel in Hamlet City Lake sediment provided the
overall minimum and maximum values for all metals in both
freshwater sediments.

The nickel values for Hamlet City

Lake sediment are not, however, meaningful numbers.
Interpretation of film coefficients for nickel and several
other metals in Hamlet City Lake sediment is clarified
below in the discussion of the lumped parameter y.
The lumped parameter y^'KaCi ranged from 0 p.g/5 to 36
mg/C for metals.

Model fits provided y = 0 for several

metals (copper, nickel, and zinc) in Hamlet City Lake
sediment.

When y = 0 and 'Kf > 0, the film/retardation

model becomes a first-order decay/retardation model with
no film diffusion.

In this case, the model drives the

initial metal concentration down by retardation and decay
and does not simulate tailing.

Since decay of metals is

not physically possible, the film coefficients in Table
3.9 for copper, nickel, and zinc are artifacts of blind
curve fitting.

The zero ys are, however, informative

since the decay/retardation model provided statistically
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significant better fits than the retardation model to one
of the copper, one of the nickel, and both zinc elution
curves for Hamlet City Lake sediment.

The better fit

provided by a model with kinetic removal mechanism implies
that the local equilibrium assumption does not apply to
these metals in Hamlet City Lake sediment.
The lumped parameter y was greater than zero for all
of the Buffalo River sediments.

The film coefficients for

Buffalo River sediment (Table 3.8) are, therefore,
conceptually valid.

As discussed above, Hamlet City Lake

film coefficients for copper, nickel, and zinc do not
represent diffusion from immobile water regions and are
not valid.
The highest y^'KjCi values in both sediments were for
iron.

Film model fits to manganese elution curves also

provided high values for

y.

The

large range in

y

is due

differences between the leaching

behavior of iron and

managanese and the other metals.

The leaching behavior of

iron was atypical compared to other metals, and neither
the retardation model or the film/retardation model
provided good fits.

In addition, only one of four F

values for iron showed a significnance difference in model
fits for models with and without a film term (Tables 3.6
and 3.7).

The large

ys

for iron are not particularly

meaningful, therefore, because the retardation model with
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no film term fit the data just about as well.

The high

ys

for managanese, however, are meaningful since the
film/retardation model provided significantly better fit
than the retardation model in every instance.
Assuming that the aqueous-phase metal concentrations
at the immobile water-sediment interface were unaffected
by diffusion over the time scale of column leaching tests,
the metal concentration at the immobile water-sediment
interface,

C if

should be relatively constant and

approximated by C0, where C0 is the fitted initial pore
water metal concentration.
the definition of

y

Values for C* calculated using

and fitted 'Kf values are presented in

Table 3.11 along with fitted CQ values.

Table 3.11

includes only to those elution curves where the
film/retardation model provided significantly better fit
than the retardation model and

y >

0.

In each and every

instance, CL was lower than C0. Explanations for this
observation are discussed in section 3.5.2.1.
Fitted TOC retardation factors and associated
equilibrium distribution coefficients are listed in Table
3.10 for the retardation model.

Buffalo River sediment

TOC KjS were 6.7 and 8.1, and Hamlet City Lake sediment
TOC Kds were 7.1 and 9.5.

TOC Kds obtained by fitting the

film/retardation model to TOC elution curves (Tables 3.8
and 3.9) were slightly lower than the TOC KjS for the
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retardation model.

As previously discussed, the

retardation model fit the TOC elution curves better than
the film/retardation model although the differences were
not statistically significant.
Table 3.11:
Comparison of Fitted Initial Mobile Water Metal
Concentrations and Calculated Concentrations at the
Immobile Water-Sediment Interface
Sediment
Column
BR-1

Metal

C0

Cr (pg/d)

10

Cu (pg/d)

140

Mn (mg/d)

BR-2

1.9

Ci
0.91
3.3
0.95

Ni (pg/d)

60

6.0

Pb (pg/d)

28

2.2

Zn (pg/d)

18

5.0

Cr (pg/d)

20

9.6

Cu (pg/d)

25

4.4

Fe (mg/d)

25

8.0

1.9

Mn (mg/d)

65

Ni (pg/d)

0.29
2.2

Pb (pg/d)

9.5

0.7

Zn (pg/d)

9.5

5.3

HL-5

Mn (mg/d)

1.5

0.25

HL-6

Cr (pg/d)

25

Mn (mg/d)

1.8

1.4
0.12

C±: Immobile water source metal concentration calculated
using the definition of y and fitted values for 'Kf
C0: Fitted initial mobile water concentration
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3.5. Discussion

3.5.1. Comparison to Previous Laboratory Studies
Brannon et al. (1990b) conducted batch desorption
isotherm testing on sediment from the Buffalo River.
(This study was reviewed in Chapter 2.)

The Brannon et

al. (1990b) sediment was collected from the same area of
concern shown in Figure 3.1, but not necessarily the same
location as the sediment used in this study.

The Brannon

et al. (1990b) work had only two metals in common with
this study - copper and lead.

The copper concentrations

reported by Brannon et al. (1990b) in batch leachates from
Buffalo River sediment were in the same range as the
Buffalo River sediment column leachate copper
concentrations, except for the observed initial copper
concentrations in column leachates. The lead
concentrations reported by Brannon et al. (1990b) in batch
leachates from Buffalo River sediment were similar to the
column leachate lead concentrations over the entire range
of the two column elution curves for Buffalo River
sediment.
Analysis of the Brannon et al. (1990b) desorption
isotherm data yielded batch KjS of 9.7 and 8.2 fi/kg for
copper and lead, respectively.

Column data from the

present study yielded Kj = 0 for the copper film/
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retardation model, and KjS of 0 0/kg and 0.97 0/kg for the
copper retardation model.

Lead Kds for Buffalo River

sediment ranged from 0.96

l/kg

to 7.2 C/kg, depending on

the sediment column and the model used.

In general, the

column derived KjS were lower than the Brannon et al.
(1990b) batch Kds for Buffalo River sediment.
The differences in batch and column derived KjS is
probably due to the obliteration of immobile water and
film effects in batch leach tests.

During batch testing,

particle aggregrates and the water trapped within are
dispersed.

In addition, the velocity of a parcel of water

across a particle surface is orders of magnitude higher in
batch testing than in column testing.

Thus, water films

around particles are much thicker in column testing than
in batch testing.

The overall effect is to bring water

and particles in much closer contact during batch testing
than in column testing.

Thus, mobile water and solid

phase contaminant concentrations are more likely to
approach equilibrium in batch leach tests than in column
leach tests.

The low column Kds relative to the batch KjS

suggests that the local equilibrium assumption was not
valid for the Buffalo River column leaching tests.
Brannon et al. (1992) also conducted batch and column
leaching tests on sediment from Hamlet City Lake.
study was reviewed in Chapter 2.)

(This

The sediment used by
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Brannon et al. (1992) and the sediment used in this study
were obtained from the same sampling effort, and the
column leaching tests used the same procedures.

Brannon

et al. (1992) reported batch desorption isotherms for
cadmium, copper, lead, and nickel that did not follow
classical isotherm theory.

Zinc was the exception.

Classical theory as applied to sequential batch leach
tests predicts that aqueous phase contaminant
concentrations decrease monotonically with each sequential
cycle.

The desorption isotherms for cadmium, copper,

lead, and nickel were double-valued and had the shape
shown in Figure 2.4.

The column data obtained by Brannon

et al. (1992), however, suggested that the batch
desorption isotherms for metals should have taken the
shape of one of the classical isotherms (linear,
Freundlich, or Langmuir) .
One of the objectives of this study was to confirm
the column elution behavior for metals in Hamlet City Lake
sediments that was observed by Brannon et al. (1992).

The

metal elution curves described by Brannon et al. (1992)
and reported here were very similar.

In both studies,

highest metal concentrations generally occurred before one
pore volume was eluted, and thereafter metal
concentrations were rapidly depleted.

As in this study,

Brannon et al. (1992) found little evidence of tailing in
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the elution curves for cadmium, chromium, lead, nickel,
and zinc.

The tailing observed in this study for copper

in one column was also evident in the Brannon et al.
(1992) data.

Thus, the column elution behavior of metals

and the discrepancy between batch leaching and column
leaching of metals in Hamlet City Lake sediment were
confirmed.
The qualitative differences in metals leaching
behavior in batch and column tests for Hamlet City Lake
sediment are difficult to explain.

Two explanations are

considered below.
The differences may be due to differences in the
manner in which leachate quality changes during batch and
column testing.

During sequential batch leach testing,

leachate quality changes are incremental and abrupt
whereas during column testing leachate quality changes are
slow and continuous.

In the sequential batch leach tests

conducted by Brannon et al. (1992), the water in cycle i
is removed before the sediment is challenged with a fresh
aliquot of water in the i+1 cycle.

This causes an abrupt

change in aqueous phase concentrations of cations, anions,
and other water quality parameters between the ith and i+1
cycles.

The change can be significant since the

liquid:solids ratio used in the test is 4:1 by weight.
The first cycle is approximately equivalent to the elution
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of 6 column pore volumes, but not in the same manner since
the exchange of cations and anions occurs in one batch of
water.

During each cycle of the sequential batch leach

test, the sediment has to establish a new equilibrium with
each new aliquot of water.

If the sediment geochemistry

is nonconstant from cycle to cycle, the equilibrium
position (Kds) may be nonconstant, and desorption
isotherms similar to that shown in Figure 2.4 may result.
In the column leach test, the sediment ion-exchange
complex is not challenged by large, abrupt changes in
leachate quality, and the potential for significant
changes in geochemistry is not as great as in batch
testing.
Competitive sorption could also account for the
unusual shape of the Hamlet City Lake sediment desorption
isotherms.

Sediments typically contain multiple sorbents,

each of which may have multiple types or locations of
adsorption sites (Jenne, 1995).

When several species

adsorb simultaneously, some available sites on the solid
may be occupied by weakly attached species, and some of
the sites may be occupied by strongly attached species.
As the population of vacant sites decreases, competition
for both vacant sites and occupied sites sets in.

A

strongly adsorbing species unable to find a vacant site
may displace a weakly adsorbing species.

If conditions
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are right for strongly adsorbed species to desorb, the
more weakly adsorbed species could readsorb.

This process

by which desorption of one specie makes sites available
for adsorption of other species could give rise to
fluctuations with sequential batch leach cycle in the
distribution between solid and aqueous phases of weakly
adsorbed species. Competitive sorption should occur in
both batch and column leach tests. However, the abrupt
changes during batch testing discussed previously may make
competitive sorption processes more manifest in batch
testing than in column testing.
3.5.2. Theoretical Implications
3.5.2.1. Film Diffusion Nonequilibrium
As previously discussed, the aqueous-phase metal
concentrations at the immobile water-sediment interface
(Table 3.11),

C Lr

were lower than the fitted initial

mobile pore water metals concentrations, C0.
explanations are considered as follows:

Three

(i) diffusion from

immobile water regions was not steady-state as assumed in
the development of the film/retardation model,

(ii)

aqueous-phase metal concentrations at the immobile watersediment interface were depleted during the column
leaching tests, and (iii) C± and C0 are not related, that
is, the film model was not properly conceived.
Without question, unsteady diffusion occurred in the
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early stages of the column leaching tests and possibly
throughout the tests.

Most of the metal concentrations in

leachate exiting the columns showed a tendency to slowly
decline at the end of the tests, indicating that steadystate had not been reached.

Figure 3.29 is a schematic

that shows unsteady and steady-state diffusion gradients
in an immobile-water film.

Unsteady gradients are always

steeper than the steady-state gradient, and the film
thickness over which mass transfer occurs is thinner for
unsteady diffusion than for steady-state diffusion.

From

equations 3.16 and 3.17, the film coefficient for unsteady
diffusion is larger than the film coefficient for steadystate diffusion because of differences in the film
thickness over which mass transfer takes place.
The procedure used to obtain film coefficients and
metal concentrations at the immobile water-sediment
interface involved determination of the film coefficient
via curve fitting in a manner independent of the metal
concentration at the immobile water-sediment interface.
Then, the concentration at the immobile water-sediment
interface was calculated using the fitted film coefficient
and fitted lumped parameter y-

From the definition of

y,

large film coefficients yield small metal concentrations
at the immobile water-sediment interface.

Thus, the

unsteady diffusion explanation is consistent with the
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observation that

CL

was always less than CQ.

Another possibility is that aqueous-phase metal
concentrations at the immobile water-sediment interface
were depleted during the column leaching tests.

Diffusion

would again be unsteady, but unlike the prior explanation
where Cx may not actually be less than C0,

CL

in this case

Initial

c=c.

Unsteady
Solid

Water

Steady-State

C «C r

Film
Figure 3.29. Schematic of Unsteady and Steady-State
Diffusion Gradients

is less than C0 because of depletion.

Depletion of

immobile-water metal concentrations could- occur if the
volume of immobile water was small and the amount of metal
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present in the immobile water compartment was small.

The

tracer studies (Appendix A), however, showed that a
significant amount of immobile water was present in most
of the columns.

In addition, the metal elution curves

showed a tendency for metal concentrations to persist at
low concentrations, indicating a source capable of
maintaining low metal concentrations through out the
tests.

The depletion explanation is not consistent with

the tracer studies and the metal elution curves.

It is

therefore unlikely that aqueous-phase metal concentrations
at the immobile water-sediment interface were depleted.
It is also possible that some mechanism(s) other than
unsteady diffusion from immobile water regions or
depletion of aqueous-phase metal concentrations at the
immobile water-sediment interface accounts for the
observation that

CL

was always less than CQ.

The observed

tailing could be due to sorption nonequilibrium.

This

possiblility is discussed in the following section.
3.5.2.2. Sorption Nonequilibrium
Most of the metal elution curves for Buffalo River
and Hamlet City Lake sediments showed minimal retardation
as initial pore water metal concentrations were eluted by
advection.

Fitted equilibrium distribution coefficients

for metals were sometimes zero and comparison to available
batch data showed that column equilibrium distribution
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coefficients were lower than batch equilibrium
distribution coefficients.

These observations suggest

that metals desorption may not have been equilibrium
controlled during the column leaching tests.
Since sediments contain multiple sorption and ionexchange sites and metals geochemistry is complex, the
overall rate of desorption is a composite of multiple
reactions and mass-transfer processes (Figure 2.1).

In

column tests, chemical nonequilibrium occurs when the rate
at which water moves is fast relative to the rate at which
chemical equilibrium is approached.

The rate at which

equilibrium is approached is governed by surface reaction
rates (e.g., desorption and dissolution) and resistance to
mass transfer (diffusion away from surface reaction
sites). Metal desorption rates could have been too slow
for the local equilibrium assumption to apply to the
Buffalo River and Hamlet City Lake sediment columns, or
mass-transfer resistances could have hindered the approach
to equilibrium.
Chemical nonequilibrium has been hypothesized as the
result of surface reactions at two classes of sites
(Brusseau and Rao, 1989).

One class where sorption is

instantaneous, and another class where sorption is ratelimited.

Both fast and slow metal sorption reactions have

been observed for sediments (Paalman et al., 1994) and
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soils (Selim et al., 1990), resulting in the development
of two-site models (Brusseau and Rao, 1989; Selim et al.,
1990).
The equilibrium-kinetic two-site model described by
Selim et al. (1990) describes instantaneous sorption with
simultaneous slow reaction.

The simplest form of the

model treats instantaneous sorption as linear and slow
reaction as first order and in differential form is
mathematically equivalent to the film/retardation model
used in this study.

As previously discussed, the film/

retardation model did a good job of describing the
observed tailing, but required equilibrium distribution
coefficients lower than previously observed batch Kds to
describe the initially rapid decline in leachate metal
concentrations.
The failure of the film/retardation model (an
equivalent two-site chemical reaction model) to capture
the early elution behavior of metals in Buffalo River and
Hamlet City Lake sediments can be explained as (i) slow
desorption kinetics or (ii) diffusion-limited masstransfer from solid to aqueous phase.

Diffusion, in this

context, is not conceptualized as the same as diffusion
from immobile water regions, although there are many
similarities.
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The primary difference is diffusional path length.
The sediment is viewed as a bundle of water-conveying,
perforated tubes embedded in a porous matrix containing
immobile water.

Tube walls are perforated with a high

density of pin holes.

Diffusion from immobile water

regions to mobile water in the tubes occurs through the
pin holes and is a long-term source that continually
bleeds contaminant into the mobile water.

The diffusional

pathlength in this case is bounded by the extent of the
immobile water volume.
The diffusional pathlength for contaminant sorbed to
the inside of the tube walls is much shorter.

If there is

no resistance to transfer of contaminant mass attached to
the tube walls to the mobile water and desorption is
instantaneous, the equilibrium-kinetic two-site model
would be valid.

There are two conditions for which the

equilibrium-kinetic two-site model is not valid: (i) if
desorption rates are not fast relative to the water
velocity, the local equilibium assumption is not valid,
and (ii) mass-transfer through the boundary layer on the
tube walls by diffusion could be rate limiting.
Unfortunately, desorption rate-limited and diffusion
rate-limited mass transfer from sediment particles to
mobile water cannot be distinguished by analysis of the
metal elution curves.

The curves and model fits, however,
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suggests that one of the two controlled the initial
elution behavior of metals in Buffalo River and Hamlet
City Lake sediments and that the local equilibrium
assumption was not valid.
3.5.2.3. Metals-TOC Relationship
With the exception of iron, leaching of metals from
Buffalo River and Hamlet City Lake sediments was
fundamentally different from leaching of TOC.

Unlike most

of the metal elution curves, the model of best fit for TOC
did not require a term to account for diffusion from
immobile water for either Buffalo River or Hamlet City
Lake sediments.

Both Buffalo River and Hamlet City Lake

sediment TOC elution curves showed that TOC desorption
could be modeled as instantaneous.

The metals and TOC

elution curves also showed that metals binding, except
iron, to dissolved organic carbon was not significant in
these two freshwater sediments.
The differences in metals and TOC leaching behavior
were probably due to differences in sediment geochemistry.
Organic carbon concentrations were at percent levels while
metals were present at parts per million levels (Table
3.2).

Thus, there was a large reservoir of organic carbon

thoughout the entire sediment domain occurring primarily
as coatings on particle surfaces.

Metals reside in

various geochemical phases some of which are resistant to
142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

aqueous leaching (Brannon et al. 1976).

Metals

geochemistry in anaerobic sediments was previously
discussed in section 2.3.1.

The absence of a strong

metals-TOC relationship was probably due to partitioning
of metals into sediment geochemical phases that require
long equilibration times.
3.6. Summary and Conclusions

Two equations for modeling metals leaching from
freshwater sediments were presented.

Model parameters

were determined using column leach tests conducted on
sediments from Buffalo River, NY and Hamlet City Lake, NC.
The model equation that included a term for diffusion from
immobile water generally provided the best fit to metal
elution curves.

The elution of total organic carbon was

best fit by a simple retardation model based on linear,
equilibrium-controlled desorption.
Metal leaching from freshwater sediments is governed
by advection of initial pore water concentrations and
diffusion from immobile water regions.

Equilibrium

reaction alone could not describe the elution behavior of
metals in Buffalo River and Hamlet City Lake sediments.
Cadmium, chromium, copper, lead, nickel, and zinc appear
to be bound in geochemical phases with long equilibration
times.
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CHAPTER 4
METALS RELEASE FROM ESTUARINE SEDIMENT
4.1. Introduction

There is evidence that classical sorption models do
not describe leaching of estuarine sediments with low
ionic strength water.

Non-constant distribution of

contaminants between sediment solids and water has been
observed during leaching of estuarine sediments (Myers and
Brannon, 1988; Palermo et al., 1989; Lee et al., 1993a;
Lee et al., 1993b; Lee et al. 1993c).

Sequential batch

leach testing of estuarine sediments with distilleddeionized water yields desorption isotherms for which the
distribution coefficient changes as the solid phase
concentration decreases as shown in Figure 2.4.

In most

cases, distribution coefficients.decrease until a turning
point is reached.

At the turning point, the distribution

coefficient becomes constant and desorption begins to take
on a classical isotherm form.

The non-ideal portion of

the desorption isotherm is related to elution of salt
(Brannon et al., 1991).
Rainfall and up-gradient groundwater (usually
freshwater) are sources of non-saline infiltration in
coastal CDFs containing estuarine dredged material.
Contaminant transport models based on constant ionic
strength and distribution coefficients may not be
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appropriate for these sites.

New mathematical models that

incorporate the effects of changing ionic strength are
therefore needed to describe the leaching of estuarine
sediments with low-ionic strength water.

Such models will

be required if potential leachate impacts at CDFs
containing estuarine dredged material are to be fully
evaluated.
4.2. Theory

In this section, two mathematical models are
presented that modify equilibrium distribution
coefficients as a function of ionic strength.

The first

model is based on the complete-mix assumption, and the
second model allows spatial variation in contaminant
concentrations in the direction of flow and includes
dispersion.

Both models assume steady flow and treat non

constant partitioning in the same manner.

The functional

relationship between distribution coefficients and ionic
strength (salinity) common to both models is described
below.
4.2.1. Salt-Washout Effect
The physical interpretation for changing distribution
coefficients during leaching of estuarine sediments with
low ionic-strength water is based on operationally defined
distribution coefficients that are affected by
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destabilization of the colloidal system.

In its simplest

form, partitioning or distribution of contaminants between
sediment solids and water at equilibrium is written as
follows:
q

=

(4.1)

Kd C

Terms are as defined for equations 2.1, 2.2, and 3.2.

The

water phase contaminant concentration, C, is usually taken
to be the dissolved concentration.

Contaminants, however,

can be present in leachate in two forms, one dissolved and
the other colloid bound.
C = Cc +

Thus,
(4.2)

CD

where C is the total concentration in the water phase
(mg/6), Cc is the concentration associated with the
colloid phase (mg/6), and CD is the dissolved
concentration (mg/6) . When Kd is determined
experimentally, the water phase concentration is usually a
combination of truly dissolved contaminant and contaminant
sorbed to microparticulates and dissolved organic matter
in the water phase (Means and Wijayaratne, 1982; Gschwend
and Wu, 1985).

Distribution coefficients are, therefore,

operationally defined by the procedures used to determine
them.

In this work, Kd represents metal distribution

between the solid phase contaminant concentration that is
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reversibly sorbed and the aqueous phase contaminant
concentration, including colloid-plus-microparticulate
bound and dissolved metal fractions.
The colloidal component can be inorganic as well as
organic (Ryan and Gschwend, 1990; Gasser et al., 1994).
However, more work has been done on the significance of
the organic component and especially dissolved organic
carbon (DOC) than the inorganic component.

DOC has been

shown to facilitate subsurface transport of a wide variety
of contaminants including metals (Carter and Suffet, 1982;
Chiou et al., 198 6 ; Enfield et al., 1989; McCarthy and
Zachara, 1989; Gounaris et al., 1993; Jones et al., 1993;
Newman et al., 1993; Oden et al., 1993; Pardue et al.,
1993; Gasser et al., 1994; Lehman and Mills, 1994; Chen et
al., 1995; Grolimund et al., 1996).
In a porous media transport problem, distribution
coefficients are usually treated as constant, and this
assumption is reasonable as long as the colloid and DOC
contaminant contributions to the aqueous-phase
concentration are constant; that is, colloid and DOC
concentrations and sorption properties are constant.

DOC

is not constant as estuarine sediment is leached with low
ionic strength water (Brannon et al., 1991), and the
colloid concentration may not be constant.

Thus, during

leaching of estuarine sediments, distribution coefficients
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may be affected by contaminant partitioning to changing
colloid and DOC concentrations, depending on the salinity
of the sediment and the leachant water.
McDowell-Boyer (1992) showed that colloidal systems
can be destabilized as a result of changes in ionic
strength.

These effects are qualitatively predicted by

Gouy-Chapman double layer model (McDowell-Boyer, 1992) .
The Gouy-Chapman double-layer thickness is given by the
Poisson equation (Stumm and Morgan, 1970):

d =

8ne 2

ekTa

/

NX

\ _l
2

iio3J

(4.3)

where d is the double-layer thickness, e is the charge of
an electron, N is Avogadro's number, I is ionic strength,
e is the dielectric constant, k is the Boltzmann constant,
and Ta is absolute temperature.
Changes in ionic strength alter the balance between
van der Waals attractive forces that promote flocculation
and electrostatic repulsive forces that drive particles
apart.

According to equation 4.3, a decrease in ionic

strength results in an increase the double-layer
thickness.

As double-layer thickness increases, the

tendency for colloids to become entrained in flow during
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column leaching is enhanced.

One result is an increase in

leachate total organic carbon (TOC) concentration.
From Gouy-Chapman theory, Kds under the influence of
salt washout should be inversely proportional to the
square root of ionic strength or a surrogate measure of
ionic strength, such as, electrical conductivity.

Figure

4.1 shows DOC K^s during sequential batch leaching of an
estuarine sediment versus the inverse of the square root
of electrical conductivity (Brannon et al., unpublished
data). Just as anticipated from Gouy-Chapman theory, Kd
in this instance is inversely proportional to the square
root of electrical conductivity.
Figure 4.1 suggests the following semi-empirical
equation for modeling Kd in estuarine sediment as a
function of ionic strength:

where Kd° is the distribution coefficient at initial ionic
strength, and X is an empirical coefficient.

Ionic

strength never goes to zero due to ion-exchange, mineral
dissolution, and gas solution.

Even laboratory distilled

water has a non-zero electrical conductivity of about 0.55
psiemens (Shugar and Ballinger, 1990) .
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Figure 4.1.

Non-constant DOC Partitioning in Estuarine
Sediment.

Since the nonconstant characteristic of Kd is related to
salt elution and salt elution is an advective process that
can be represented as a decaying exponential, ionic
strength as a function of time can be modeled as follows:
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where a is a dimensionless empirical coefficient that
characterizes salt washout for a specific experimental
system or field situation, and IQ is the initial ionic
strength.

Equation 4.5 is a pore-dilution, complete-mix

model for salt elution.

This approach to modeling ionic

strength is a convenient mathematical simplification that
facilitates the model derivations developed in sections
4.2.2 and 4.4.3.

Substituting into equation 4.4 from

equation 4.5 for ionic strength yields

*d = *d a v

N

fc

(4.6)

Io

Equation 4.6 can be rewritten as follows:

Kd

(T) =

Kd°

+ 5 e"ar

(4.7)

where Kd(T) is a function of dimensionless time, 5 =-XI0-*1,
a = -a/2, and T = vt/L.
4.2.2. Complete-Mix Model With Nonconstant Partitioning
A complete-mix model that captures the major features
of column elution curves when estuarine sediment is
151

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

leached with distilled-deionzed water is developed in this
section.
Substituting into equation 4.1 from equation 4.7 for
Kd(T) and taking the derivative with respect to time
yields

^
dT

= - C o 5 e 1' ” 11 * ( k ° * 5
\ d

e <-ar>) d C

(4 .8 )

) dT

The complete mix equation for the thin-disk columns is

-C =

dC

_p

dq

dT

n

dT

(4 .9 )

Substitution from equation 4 .8 for dq/dT yields

-£ct 6 e ~a T
n

1 +

- 1
dC

(4 .1 0 )

dT

n\

Equation 4.10 is the governing equation for nonconstant
partitioning in a complete-mix column.

For the initial

condition C(0) = C0, the solution to equation 4.10 is
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C (T) = C o

e

II'")
B)

(B

+

\B + E e

I

— +—ccB)

E)

( ocE

(4 .1 1 )

(-ar)

where
C(T) = leachate contaminant concentration as a function
of pore volumes eluted, mg/?
C0 = initial leachate contaminant concentration, mg/?
A = (or p 5) /n
B = 1 + (p Kd°)/n
E = (p 5)/n

Equation 4.11 is a complete-mix model for non-constant
partitioning that requires four parameters (CQ, Kd°, a, and
5) in addition to bulk density and porosity to predict
contaminant concentrations as a function of pore volumes
eluted.
4.2.3. Advection-Dispersion Model With Non-constant
Partitioning
A new advection-dispersion equation with nonconstant
partitioning (equilibrium) based on salt elution was
described by Oppenheimer (1992).

In this mathematical

model for nonconstant partitioning, the complete-mix
assumption of no spatial gradients is relaxed.
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Advection

and dispersion are modeled along with nonconstant
partitioning as provided in equation 4.7.
The general problem stated in equations 2.1 and 2.2
is revised as follows:

C + — 2Cd (t)c] = D ^
n
I
p dx 2

dt

(4.12)
dx

where Kd(t) is the time (salinity) dependent distribution
coefficient previously discussed in section 4.2.1.
Letting

£

(4.13)

K d (t) = K + e ^ a t + b )

where K = (pK^J/n and b = In (p5/n), using the change of
variable T=vt/L, P=vL/Dp/ and Z=x/L, and substituting from
equation 4.13 into equation 4.12 yields

A[(i* X * .(dT

ac

>) c] - i
'

1

P

dz2

dZ

V

1

Equation 4.14 is the governing equation for salt washout
induced nonconstant partitioning in a steady-flow sediment
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column.

For the initial and boundary conditions given in

equations 3.11 - 3.13, the solution is (Oppenheimer, 1992)

\

/
y

C(T) = C0 E

n

\

(l + K) e h + 1
(i +
e(“r - fc) * i

Hn

(4 .15 )

F

>

where

Sln(^n)

(4 .16 )

Yn = T
1 + —

C O S2B

p

p,n
Hn =

F

=

F

CC

+1

'"

(4 .17 )

(1 + *)

- 1 - « -*■-e-L.
i
1 + Kr
+. e -aT+b

(4.18)
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and where the eigenvalues ((3n) are the positive roots of
the equation

Pncot

(4.19)

=0

Equation 4.15 requires the same parameters as equation
4.11 plus velocity and dispersion coefficients.

Equation

4.15 also predicts the same general elution curve shape as
equation 4.11.
4.2.4. Model Implementation and Comparison
The model equations were implemented using MA-THCAE)”*
software (version 4.0, Mathsoft, Inc., Cambridge,
Massachusetts) as previously described in section 3.2.3.
The criterion used to compare goodness-of-fit of the model
equations to the data was the root mean square statistic
(equation 3.27).

The F-statistic was used to evaluate the

significance of differences in goodness-of-fit.
4.3. Materials and Methods
4.3.1. Sediments
Two estuarine sediments were collected from Federal
navigation channels in the San Francisco Bay area for
study (Figure 4.2) . One sediment was from the Pinole
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Shoal Reach of the John F. Baldin Ship Channel/ and the
other sediment was from the Oakland Outer Harbor deepening
project.
Sediment sampling for the Pinole Shoal reach of the
John F. Baldwin Ship Channel and the Oakland Outer Harbor
Deepening Project was described in detail by Lee et al.
(1993a) and Lee et al. (1993b)/ respectively.

Briefly,

numerous sediment cores were collected by Battelle Marine
Sciences Laboratory, Sequim, Washington, from each channel
and shipped to the U.S. Army Engineer Waterways Experiment
Station (WES), Vicksburg, Mississippi by refrigerated
truck.

At the WES, sediment cores were mixed to form one

composite sample for each channel.

Sediments were stored

at 4 degrees centigrade until tested.
Sediment properties are listed in Table 4.1, and
metal and total organic carbon (TOC) concentrations are
listed in Table 4.2.

Water content and specific gravity

were determined by standard techniques for soils (U.S.
Army Corps of Engineers, 1970).

Sediments were analyzed

for chromium, copper, nickel, and zinc by Battelle Marine
Sciences Laboratory, Sequim, Washington, using energydiffusive X-Ray fluorescence following the method of
Nielson and Sanders (1983).

Cadmium was analyzed by

Zeeman graphite-furnace atomic absorption spectroscopy
(USEPA, 1992).

TOC was determined by measuring the carbon
157
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Figure 4.2. Estuarine Sediment Vicinity Maps.
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dioxide released during combustion of the sample (USEPA,
1992).
4.3.2. Laboratory Column Leaching
Column leach tests were conducted in thin-disk
columns (Figure 3.2) previously described in section
3.3.2.

Sediment was placed in leaching columns at in situ

water content in small increments and manually vibrated
with a spatula to minimize air entrapment.

Since the

sediment water contents exceeded saturation, the sediments
were easily worked using manual techniques.

After the

Table; 4.1
Estuarine Sediment Physical Properties
Pinole Shoal

Outer Oakland

0. 639

1.19

Percent Sand

30

52

Percent Silt

35

23

Percent Clay

35

25

2.74

2.74

Parameter
Water Content1

Specific Gravity

1 weight of water/weight of dry solids

columns were filled, distilled-deionized deaired water was
pumped in upflow mode through the columns with a constant
volume discharge pump (Model QG6-2-SSy, Fluid Metering,
Inc., Oyster Bay, NY).
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Column leach, tests were run in duplicate for each
sediment.

Arbitrary column numbers were assigned as

follows: Pinole Shoal columns 13 and 14 and Outer Oakland
columns 15 and 16.
4.3.3.

Leachate Sampling and Sample Preservation and
Analysis

Separate leachate samples were collected for metals
analysis, TOC, and pH plus electrical conductivity (EC).
Leachates were not filtered.

As leachate was collected

Table 4.2
Estuarine Sediment Metal and Total Organic Carbon
(TOCj Concentrations (mg/kg)1
Parameter

Pinole Shoal

Outer Oakland

TOC

2634 (1319)

6042 (680)

Cadmium

0.272 (0.018)

0.148 (0.021)

Chromium

210 (33.8)

381 (55.0)

Copper

49.4 (3.14)

24.5 (1.65)

Iron

ND

ND

Lead

18.9 (10.2)

14.2 (1.38)

ND

ND

Nickel

94.6 (6.27)

65.2 (2.60)

Zinc

92.6 (4.72)

61.1 (2.69)

Manganese

1 values shown in parentheses are standard deviations
ND: no data

for metals analysis, pH was adjusted to £ 2 using Ultrex
nitric acid.

Samples collected for TOC were preserved by

adjusting pH to £ 2 with sulfuric acid.

Samples collected
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for pH plus EC were immediately analyzed using a pH meter
and an electrical conductivity meter, respectively.
Leachate samples for metals analysis were digested
(SW846 method

3010, USEPA, 1992) prior to analysis.

Cadmium (Cd) , chromium(Cr) , copper (Cu) , manganese (Mn) ,
lead (Pb), nickel (Ni), and zinc (Zn) in sediment leachate
were analyzed by Battelle Marine Sciences Laboratory,
Sequim, Washington, using inductively coupled plasma
emission spectroscopy (USEPA, 1991).

Iron (Fe) was

analyzed by flame atomic adsorption spectroscopy.

TOC in

leachate samples were analyzed by the Environmental
Chemistry Branch, WES, using the modified ampule method
developed by Tardy and Myers (1995) specifically for this
study.

The detection limits listed in Table 3.3 for

Buffalo River

sediment leachate analyses are applicable to

the estuarine

sediment leachate analyses.

In addition to metals and TOC, samples were collected
and analyzed for suspended solids and dissolved and total
silicon.

Because of sample volume limitations, leachate

from one column for each sediment was analyzed for total
suspended solids, and leachate from the other column was
analyzed for dissolved and total silicon.

Total suspended

solids (TSS) was determined gravimetrically (APHA, 1992).
Dissolved silicon was determined by direct nitrous oxideacetylene flame atomic absorption spectroscopy (APHA,
1992) after filtration through a 1 ym glass fiber filter.
Samples for total silicon analysis were dried and ashed at
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550° C and then fused at 1100° C with lithium metaborate
(ASTM, 198 6 ) before analysis by nitrous oxide-acetylene
flame atomic absorption spectroscopy.
Metals except silicon were analyzed over the elution
of about 30 pore volumes, TOC was analyzed over the
elution of 30 to 40 pore volumes, and pH, EC, total
suspended solids, and silicon were analyzed over the
elution of 50+ pore volumes.
4.4. Results
4.4.1. Column Operation
Column operating parameters are listed in Table 4.3.
Determination of the parameters listed in Table 4.3 except
bulk density is described in Appendix A.

Average pore

water velocities obtained from column operating records
were of the same order of magnitude, 10'6 cm/sec, for all
four columns.

In addition, average pore water velocities

for duplicate columns were close.

Dispersion coefficients

and Peclet numbers, however, for duplicate columns were
not in close agreement.

Differences in dispersion

coefficients and Peclet numbers were due to differences in
effective porosity.

These data show that the hydraulics

of duplicate columns were not well replicated and that
there could be differences in metal elution for duplicate
columns due to differences in dispersion.
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Table 4.3
Column Operating Parameters for Pinole Shoal and
Outer Oakland Leach Tests
Sediment

(cm/s)

(cm2/sec)

P

ne

P
(kg/d)

PS-13

5.55E-06

68.1E-06

0.3

0.57

0.99

PS-14

3.31E-06

3.64E-06

3.6

0.62

00-15

4.37E-06

15.6E-06

1.1

0.57

00-16

2.95E-06

3.95E-06

3.0

0 .60

V

,Dp

0. 63

v: average pore water velocity
Dp: dispersion coefficient
P: column Peclet number, dimensionless
ne: effective porosity, dimensionless
p: bulk density, dry solids/unit volume

4.4.2. General Leachate Quality
Leachate pH for Pinole Shoal sediment (Figure 4.3)
increased from pH 7 to about pH 8 during elution of the
first 10 pore volumes and was then generally steady at
about pH 7.5.

Column leachate pH for Outer Oakland

sediment (Figure 4.4) also increased from initial values
around pH 7 during elution of the first 10 pore volumes.
After the first 10 pore volumes were eluted, Outer Oakland
leachate pH was steady around pH 8.4 and then showed a
tendency to decrease after elution of approximately 55
pore volumes.

Duplication of pH between duplicate

sediment columns was good.
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The electrical conductivity (EC) of column leachates
for Pinole Shoal and Outer Oakland sediments showed
classical washout trends as expected (Figures 4.3 and 4.4
respectively).

Since EC is a measure of dissolved ions,

washout curve that monotonically decreases is expected.
Nonideal behaviour of EC elution curves, such as sudden
increases followed by rapid decreases, is usually an
indication of nonideal flow, such as when pockets of
sediment through which water had not been flowing open up
and begin to transmit water.

The estuarine sediment EC

elution curves showed no evidence of pulses or transients
in flow during column leach testing.

Duplication of EC

between duplicate sediment columns was very good.
Total organic carbon elution curves for Pinole Shoal
and Outer Oakland sediments are shown in Figure 4.5.

TOC

concentrations in column leachate from Pinole Shoal
sediment increased from initial concentrations that were
just above the detection limit (1 mg/2) to concentrations
in the range of 150 to 300 mg/2 by the time 20 pore
volumes were eluted.

Thereafter, Pinole Shoal leachate

TOC concentrations showed an exponential decline.

TOC

concentrations in column leachate from Outer Oakland
sediment, like the Pinole Shoal data, were initially low
and then increased.

Peak TOC concentrations occurred

earlier than for Pinole Shoal at about 7 to 10 pore
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Figure 4.3. Column Leachate pH and EC for Pinole
Shoal Sediment.
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Figure 4.4. Column Leachate pH and EC for Outer
Oakland Sediment.
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volumes eluted.

Unlike Pinole Shoal, TOC concentrations

in leachate from Outer Oakland became generally steady
after decreasing from peak values.

Overall TOC elution

behavior was well duplicated between duplicate sediment
columns, but times to peak values and peak values were not
well duplicated.

TOC concentrations in estuarine sediment

leachates were much higher than in leachates from
freshwater sediments, and the TOC elution behavior for
estuarine sediments was different from that observed for
freshwater sediments (Figure 3.5).
Total suspended solids concentrations in leachate
from Pinole Shoal column 14 and Outer Oakland column 16
are shown in Figure 4.6.

Total suspended solids were

determined in leachates from only one column for each
sediment due to sample volume limitations.

Initially,

there was no visible turbidity in leachates from Pinole
Shoal and Outer Oakland sediments.

Suspended solids was

not determined on samples without visible turbidity.
Figure B.l (Appendix B) is a photograph of the
development of visible turbidity in leachate from
estuarine sediment.

Initial leachate samples were

turbidity free and under anaerobic conditons remained
turbidity free.

On exposure to oxygen, these samples

became turbid due to oxidation of iron and the formation
of amorphous iron oxyhydroxides. Addition of a mineral
167

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

350

PINOLE SHOAL
TOC

300

250

O

COLUMN 13

A

COLUMN

14

200
150

100

z
o
<
£E

0

10

20

30

40

50

OUTER OAKLAND
TOC

200

O

COLUMN 15

A

COLUMN 16

150

100

0

5

25
30
10
15
20
T, PORE VOLUMES ELUTED

35

Figure 4.5. Total Organic Carbon Elution Curves for
Pinole Shoal and Outer Oakland Sediments.
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acid can prevent or significantly reduce iron oxidation in
anaerobic leachate samples.

Addition of acid to the

samples with turbidity actually caused more turbidity.
The acid increased the ionic strength and, according to
the Gouy-Chapman model (equation 4.3), decreased the
spacing betweeen colloids.

Colloid flocculation resulted

and turbidity increased.
TSS ranged from about 100 mg/J to 15

g/l

in estuarine

sediment leachates. The TSS elution curves for Pinole
Shoal and Outer Oakland sediments showed an initial rise
to peak values.

Peak TSS values and the time to peak

values were different.

The peak TSS concentration

occurred more quickly for the Outer Oakland sediment than
for the Pinole Shoal sediment, and the peak value for the
Outer Oakland sediment was about one-half the peak value
for the Pinole Shoal sediment.

The two sediments were

also different in long-term TSS elution behavior.

After

the peak, TSS in Pinole Shoal leachate declined to a
residual concentration and held relatively steady at this
low concentration.

TSS in leachate from Outer Oakland

sediment also declined from the peak value, but there was
a subsequent increase in TSS concentration to a persistent
and elevated plateau.
TSS and TOC elution curves for a given estuarine
sediment column were very similar, indicating that TOC
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tracked TSS.

The areas under the TSS, TOC, and iron

(discussed in section 4.4.4) elution curves for Pinole
Shoal column 14 and Outer Oakland column 16 were obtained
by numerical integration, and these results were used to
estimate the contributions of TOC and iron to TSS. The
estuarine sediment TSS were 1 to 3 percent organic carbon
and 3 to 8 percent iron (see Table 4.11).

One sample from

Outer Oakland column 16 at 42 pore volumes eluted was
analyzed for volatile suspended solids by loss on ignition
at 550° C.

This one analysis indicated that 19 percent of

the total suspended solids were volatile suspended solids.
The silicon content of the suspended solids in
leachates from Pinole Shoal and Outer Oakland sediment are
presented in Table 4.4.

Leachate samples that preceeded

the samples listed in Table 4.4 contained insufficient
solids for silicon analysis.

The data in Table 4.4 show

that the silicon content of TSS in leachates from the two
estuarine sediments were similar.

The TSS in Pinole Shoal

and Outer Oakland leachates were about 23 percent and 21
percent silicon, respectively.

These data show that the

suspended solids were primarily inorganic.
4.4.3. Metals Elution From Estuarine Sediments.
Metal elution curves for Pinole Shoal sediment are
shown in Figures 4.7 through 4.10.

Duplicate leaching
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Table 4.4
Silicon in Ashed Suspended Solids in
Estuarine Sediment Leachate
Outer Oakland
Column 15

Pinole Shoal
Column 13
Pore
Volume
Eluted

Si in
Ashed
TSS (%)

11.3

23.3

5.7

19.7

12.5

21.4

6.3

18.3

13.5

16.8

6.9

18.4

14 .5

22.4

7.4

18.2

15.7

25.9

9.0

22.0

16.7

25.9

9.9

22.5

17.7

26.5

10.9

20.3

18.8

24.8

11.8

17.9

19.8

24.8

•12.6

21.2

20.6

24.5

13.6

2 0 .6

21.8

25.9

16.2

19.9

22.8

24.5

17.1

24.1

24.0

24.0

17.8

23.7

26.5

20.6

19.6

22.8

27.9

21.9

21.6

24.9

30.5

20.6

23.9

23.0

Mean

23.4

26.1

23.9

Std D

2.60

38.4

23.7

52.0

26.2

Mean

21.4

Pore
Volume
Eluted

Si in
Ashed
TSS (%)

Std D

2.47

Shaded cells: means and standard
deviations
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columns for Pinole Shoal sediment were in good qualitative
agreement on metal leaching trends.

The number of pore

volumes eluted to reach peak values were about the same
for duplicate columns, but maximum concentrations and the
rising limb of the elution curves as maximum
concentrations were approached were different.
Certain features were common among all the metals
elution curves for Pinole Shoal sediment.

All the curves

showed a complicated elution history that included a
rugged mountain-range shape (sierra pattern) after 5 to 10
pore volumes were eluted.

For a given Pinole Shoal

column, the valleys and peaks in the sierra pattern were
consistently repeated for each metal, and the initiation
point for the sierra pattern was almost the same for each
metal.

In addition, by the time 30 pore volumes were

eluted, metals concentrations for both columns and all
metals were reduced significantly relative to the maximum
concentrations.
Between zero and 5 pore volumes eluted, manganese
(Figure 4.8) leached from Pinole Shoal sediment in a
classic washout fashion with little retardation evident.
The manganese elution curves for Pinole Shoal sediment
indicated initially high levels of pore water manganese
that were diluted and removed by advection.

Nickel

(Figure 4.9) decreased rapidly from a high initial value
173
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Figure 4.7. Copper and Chromium Column Elution Curves
for Pinole Shoal Sediment.
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Figure 4.8. Manganese and Iron Column Elution Curves
for Pinole Shoal Sediment.
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Figure 4.9. Nickel and Cadmium Column Elution Curves
for Pinole Shoal Sediment.
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Figure 4.10. Lead and Zinc Column Elution Curves
for Pinole Shoal Sediment.
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in one column.

Initial nickel elution in this one column

was similar to that observed for freshwater sediments
(Figures 3.8 and 3.12).

Copper (Figure 4.7), iron (Figure

4.8), cadmium (Figure 4.9), lead (Figure 4.10), and zinc
(Figure 4.10) concentrations in Pinole Shoal sediment
leachates were initially low relative to concentrations
observed after 5 pore volumes were eluted for column 14
and 10 pore volumes were eluted for column 13.

The

copper, cadmium, lead, and zinc elution curves for Pinole
Shoal sediment showed that the leachable reservoirs of
these metals were initially low.

The sierra pattern

observed for all metals in leachates from Pinole Shoal
sediment showed that initial concentrations were not
necessarily the maximum.concentration and that a process
capable of elevating metals concentrations after the
initial pore water concentrations had been removed by
advection was operative.

This process influenced metal

concentrations over the interval of 10 to 30 pore volumes
eluted with the major impacts occurring between 10 and 25
pore volumes eluted.

Declining trends were generally

observed after the elution of about 15 pore volumes.
Metal elution curves for Outer Oakland sediment are
shown in Figures 4.11 through 4.14.

Duplicate leaching

columns for Outer Oakland sediment were in good
qualitative agreement on metal leaching trends over the
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interval of zero to 15 pore volumes eluted.

The number of

pore volumes eluted to reach peak values were about the
same for duplicate columns, but maximum concentrations and
concentration trends differed between 15 and 30 pore
volumes eluted.
Like the metals elution curves for Pinole Shoal
sediment, certain features were common among all the
metals elution curves for Outer Oakland sediment.

All the

curves had a complicated elution history that showed a bimodal character over the elution of 30 pore volumes.
After about 3 to 5 pore volumes were eluted, metals
concentrations rapidly increased to a local maximum (in
some cases the overall maximum) before the elution of 10
pore volumes. Metals concentrations then declined to a
local minimum in the neighborhood of 15 pore volumes
eluted.

Subsequent to the local minimum at 15 pore

volumes eluted, there was another rapid rise in metal
concentrations.

At this point, metals elution trends in

Outer Oakland columns 15 and 16 diverged.

For example,

columns 15 and 16 elution curves for copper and chromium
(Figure 4.11), iron and manganese (Figure 4.12), nickel
(Figure 4.13), and lead (Figure 4.14) crossed at about 21
pore volumes eluted as metal concentrations in leachate
from column 15 were declining and metal concentrations in
column 16 leachate were increasing.
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Figure 4.11. Copper and Chromium Column Elution Curves
for Outer Oakland Sediment.
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Figure 4.12. Manganese and Iron Column Elution Curves
for Outer Oakland Sediment.
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Metals elution curves for Outer Oakland column 15
showed two distinct pulses, each with a rising limb, a
peak, and a declining limb.

Metals elution curves for

Outer Oakland column 16 showed one distinct pulse that was
followed by tendency for concentrations to slowly
increase.

The process or processes responsible for the

final increasing trend in column 16 leachate metal
concentrations showed no signs of subsiding at 30 pore
volumes eluted.
Chromium (Figure 4.11), manganese (Figure 4.12), and
nickel (Figure 4.13) elution from Outer Oakland sediment
showed rapid decreases from high initial concentrations
before the general pattern set in.- The chromium,
manganese, and nickel elution curves for Outer Oakland
sediment showed initially high pore water metal
concentrations that were diluted and removed by advection.
Copper (Figure 4.11), iron (Figure 4.12), cadmium (Figure
4.13), lead (Figure 4.14), and zinc (Figure 4.14)
concentrations in Outer Oakland sediment leachates were
initially low relative to concentrations observed after
the general pattern set in.

The copper, iron, cadmium,

lead, and zinc elution curves for Outer Oakland sediment
showed that the leachable reservoirs of these metals were
initially low.

The elution pattern that set in after

initial pore water was eluted for all metals showed that a
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Figure 4.13. Nickel and Cadmium Column Elution Curves
for Outer Oakland Sediment.
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Figure 4.14. Lead and Zinc Column Elution Curves
for Outer Oakland Sediment.
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process capable of elevating metals concentrations and
maintaining elevated metals concentrations was operative
in Outer Oakland sediment.
Metals concentrations in estuarine sediment leachates
were substantially higher than in freshwater sediment
leachates.

The higher concentrations in estuarine

sediment leachates was probably due to the suspended
solids that were leached from the estuarine sediments.
4.4.4. Modeling
Complete-mix with non-constant partitioning and
advection-dispersion with non-constant partitioning models
(equations 4.11 and 4.15, respectively) were fitted to the
TOC and metal elution curves for Pinole Shoal and Outer
Oakland sediments.. Observed and fitted curves are shown
in Figures 4.15 through 4.30.

The models captured the

sierra pattern observed for Pinole Shoal sediment elution
curves, but were unable to simulate the bi-modal character
of the Outer Oakland elution curves.

Neither model

simulated the rapid decline from initial pore water metal
concentration observed for some metals.
The models captured the elution behavior of TOC in
the Pinole Shoal columns quite well.

The rising and

declining limbs of the elution curves were closely
approximated as well as the peak values. As with the
metals elution curves for Outer Oakland sediment, the
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models could not simulate the bi-modal character of the
Outer Oakland TOC elution curves.
Root mean squares (rms) calculated using equation 3.7
for each model and each metal for Pinole Shoal and Outer
Oakland sediments are listed in Tables 4.5 and 4.6,
respectively.

Generally, there was little difference in

the goodness-of-fit for the two models.

F statistics

(equation 3.29) were calculated and are also provided in
Tables 4.5 and 4.6.

The null hypothesis of Fc^^ete-m* = FA_D

for a one-sided test was used to determine if the
advection-dispersion model provided statistically
significant improvement in the goodness-of-fit for the two
models.

The null hypothesis was rejected if F > Fp(p2-p1,

m-p2), where p = level of significance.

Fp(p2-pi, m-p2)

values were obtained from Tables 6a and 6b of Miller and
Freund (1977) .

In the above notation, p2 and p: are the

number of parameters in the advection-dispersion model
(equation 4.15) and the complete-mix model (equation
4.11), respectively.

The advection-dispersion model has

five parameters (v, Dp, K, b, and a), and the complete-mix
model has three parameters (K^5, a, and 5).

The initial

porewater metal or TOC concentration (C0) was the same for
the two models and therefore was not treated as an
adjustable parameter.

Although velocity and dispersion

were not adjusted to obtain better fits for the advection186
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Figure 4.15. Fittted and Observed Copper Elution
Curves for Pinole Shoal Sediment.
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Figure 4.16. Fitted and Observed Chromium Elution
Curves for Pinole Shoal Sediment.
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Figure 4.17. Fitted and Observed Iron Elution Curves
For Pinole Shoal Sediment.
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Figure 4.18. Fitted and Observed Manganese Elution
Curves for Pinole Shoal Sediment.
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Figure 4.19. Fitted and Observed Nickel Elution
Curves for Pinole Shoal Sediment.
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Figure 4.20. Fitted and Observed Lead Elution
Curves for Pinole Shoal Sediment.
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Figure 4.21. Fitted and Observed Zinc Elution
Curves for Pinole Shoal Sediment.
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dispersion model, these parameters were included in the
parameter list for the advection-dispersion model because
(i) they do not appear in the complete-mix model and (ii)
the purpose of calculating the F statistics was to
determine if explicit modeling of advection and dispersion
improved the ability of a non-constant partitioning model
to simulate estuarine sediment elution curves.
There were no significant F statistics at the p =
0.05 level of significance for either Pinole Shoal or
Outer Oakland sediment elution curves.

Thus, the

complete-mix and advection-dispersion models were equally
good at simulating the Pinole Shoal and Outer Oakland
sediment elution curves. The rms values in Table 4.5
showed better fit for both models for Pinole Shoal column
14 elution curves than for Pinole Shoal column 13 elution
curves.

This difference was probably related to

differences in the rising limbs of the column 13 and
column 14 elution curves.

The rising limb of the column

14 elution curves were much smoother than the rising limb
of the column 14 elution curves.
The rms values in Table 4 .6 showed better fit for
both models for Outer Oakland column 15 elution curves
than for Outer Oakland column 16 elution curves.

This

difference was probably related to the absence of a
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declining limb for the second pulse in the Outer Oakland
column 16 elution curves.

Table 4.5
Root Mean Square (RMS) Values and F Statistics
for Model Fits tc Pinole Shoal Elution Curves
RMS
Parameter

Column

Complete-Mix

A-D

F

Cd

PS-13

1.243

1.203

0.45

PS-14

0.489

0.489

0.00

PS-13

341.7

319.7

0.93

PS-14

117.4

117.6

-0.03

PS-13

196.2

187.4

0.63

PS-14

75.65

78.55

-0.53

PS-13

105,400

100,500

0.66

PS-14

61,930

46,250

4.92

PS-13

4, 002

3, 931

0.24

PS-14

2,246

2,223

0.15

PS-13

1 ,016

1 ,011

0.07

PS-14

205.5

194.0

0.86

PS-13

50.13

50.43

-0.08

PS-14

21.31

21.83

-0.34

PS-13

325.3

317.1

0.35

PS-14

147.0

141.5

0.57

PS-13

46.67

45.81

0.25

PS-14

16.23

16.72

-0.42

Cr

Cu
Fe
Mn
Ni

Pb
Zn

TOC

Complete-Mix: equation 4.11
A-D: equation 4.15
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4.4.5. Parameter Estimates
Parameter estimates from model fits to the Pinole
Shoal elution curves are provided in Tables 4.7 and 4 .8

Table 4 .6
ROOt Kfean Square (RMS) Values and F Statistics
for Me►del Fits to Outer Oakland Elution Curves
RMS
Parameter
Cd
Cr
Cu
Fe

Mn
Ni
Pb

Zn

TOC

Column

Complete-Mix

A-D

00-15

0.544

0. 605

-1.46

00-16

1.014

0. 962

0.78

00-15

210.8

219.7

-0.51

00-16

264.3

283.7

-0.99

00-15

91.59

95.39

-0.58

00-16

155.6

148.2

0.78

00-15

64,890

67,760

-0.61

00-16

84,040

88,040

-0.66

00-15

932.2

946.1

-0.21

00-16

1,239

1,254

-0.17

00-15

477.9

477.6

0.01

00-16

357 .4

344.0

0.56

00-15

62.04

59.80

0.54

00-16

93.88

100.8

-1.00

00-15

174.4

165.2

0.81

00-16

321.2

296.7

1.20

00-15

19.12

18 .86

0.66

00-16

39. 61

40.54

-0.33

Complete-Mix: equation 4.11
A-D: equation 4.15
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Figure 4.22. Fitted and Observed Copper Elution
Curves for Outer Oakland Sediment.
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Figure 4.23. Fitted and Observed Chromium Elution
Curves for Outer Oakland Sediment.
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Figure 4.24. Fitted and Observed Iron Elution
Curves for Outer Oakland Sediment.
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Figure 4.25. Fitted and Observed Manganese Elution
Curves for Outer Oakland Sediment.
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Figure 4.26. Fitted and Observed Nickel Elution
Curves for Outer Oakland Sediment.
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Figure 4.27. Fitted and Observed Lead Elution
Curves for Outer Oakland Sediment.
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Figure 4.28. Fitted and Observed Zinc Elution Curves
For Outer Oakland Sediment.
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Figure 4.29. Fitted and Observed Total Organic Carbon
Elution Curves for Pinole Shoal Sediment.
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Figure 4.30. Fitted and Observed Total Organic Carbon
Elution Curves for Outer Oakland Sediment.
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for the complete-mix and advection-dispersion models,
respectively.

Initial distribution coefficients for

Pinole Shoal ranged from 1 to 5.5

i/kg

and 4.3 to 36 (1/kg

for the complete-mix and advection-dispersion models,
respectively.

Initial distribution coefficients for the

complete-mix model were less than the initial distribution
coefficients for the advection-dispersion model, and with
one exception, initial distribution coefficients for TOC
were larger than initial distribution coefficients for
metals.

The salt washout characterization constant, a,

for Pinole Shoal ranged from 0.22 to 0.92 and 0.17 to 1.01
for the complete-mix and advection-dispersion models,
respectively.

The complete-mix and advection-dispersion

models provided similar estimates of a, and in most cases,
the values for the advection-dispersion model were
slightly less than the values for the complete-mix model.
The lumped parameter, 5, for Pinole Shoal ranged from 50
to 65,000

i/kg

and 228 to 295,000 {/kg for the complete-

mix and advection-dispersion models, respectively.

The

estimates of 5 for the advection-dispersion model were
consistently higher than the estimates for the completemix model.

Of the three parameters (Kd°, oc, and 5) used

to model the effect of salt washout on the Pinole Shoal
elution curves, 5 showed the greatest variability.
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Table 4.7
Fitted Parameter Values for Pinole Shoal Sediment
and the Complete-Mix Model
Fitted Values
Column
PS-13

Parameter

5
(G/kg)

K*0
(G/kg)

Cd, pg/G

C0
0.3

0.22

98

1.5

Cr, pg/G

9.0

0.41

1200

2.5

Cu, pg/G

5.0

0.40

1350

1.5

Fe, mg/G

1.0

0.47

3600

1.0

Mn, pg/G

150

0.35

700

1.4

Ni, pg/G

40

0.30

298

2.0

0.42

3200

1.6

0.38

1050

1.8

3.0

0.5

Pb, pg/G
Zn, pg/G

PS-14

or

10

TOC, mg/G

5.0

0.35

367

Cd, pg/G

0.3

0.22

50

Cr, pg/G

7.0

0.54

1250

3.8

Cu, pg/G

3.0

0 .60

2100

4.5

Fe, mg/G

0.06

0.92

65000

4.7

0.35

193

2.5

0.38

288

1.9

0 .68

6400

3.6

0.43

527

2.8

0.45

370

5.5

Mn, pg/G
Ni, pg/G
Pb, pg/G
Zn, pg/G
TOC, mg/G

400
30
0.2

15
4.0

0.15

CQ: initial pore water concentration
Kd°: initial distribution coefficient
or: dimensionless salt washout characterization constant
5: lumped empirical constant
Parameter estimates from model fits to the Outer
Oakland elution curves are provided in Tables 4.9 and 4.10
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Table 4.8
Fitted Parameter Values for Pinole Shoal Sediment
and the Advection-Dispersion Model
Fitted Values
Column
PS-13

5
(?/kg)

Kd°
(?/kg)

Cd, pg/?

C0
0.3

a
0.18

364

4.3

Cr, ug/c

9.0

0.37

4015

12.7

Cu, pg/?

5.0

0.37

5160

12.7

Fe, mg/?

1.0

0.44

13800

6.9

Parameter

Mn, pg/?

150

0.32

2320

10.4

Ni, pg/?

40

0.27

942

10.0

0.40

11500

10 .6

0.35

3630

11.5

5.0

0.33

1405

16.1

Cd, pg/?

0.3

0.17

228

5.9

Cr, pg/?

7.0

0.54

5610

25

Cu, pg/?

3.0

0.59

8810

25

Fe, mg/?

0.06

1.01

295000

36

0.33

797

17

0.38

1250

20

0.68

28600

21

0.42

2170

20

0.44

1590

34

0.5

Pb, pg/?
Zn, ug/0
TOC, mg/?
.PS-14

Mn, pg/?
Ni, pg/?
Pb, pg/?
Zn, pg/?
TOC, mg/?

10

400
30
0.2

15
4.0

CQ: initial pore water concentration
Kd°: initial distribution coefficient
a: dimensionless salt washout characterization constant
5: lumped empirical constant
for the complete-mix and advection-dispersion models,
respectively.

Initial distribution coefficients for Outer
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Table 4.9
Fitted Parameter Values for Outer Oakland Sediment
and the Complete-Mix Model
Fitted Values
Column
00-15

00-16

5
(2/kg)

Cd, pg/C

C0
0.3

or
0.18

310

40

Cr, pg/C

7.0

0.75

3170

30

Cu, pg/C

3.0

0.75

4570

30

Fe, mg/C

1.0

0.76

9570

30

Parameter

Kd°
(C/kg)

Mn, pg/C

100

0.45

820

30

Ni, pg/C

25

0.50

770

30

Pb, pg/C

0.5

0.90

17000

30

Zn, pg/C

5.0

0.74

5370

30

TOC, mg/C

5.0

0.68

790

40

Cd, pg/C

0.5

0.30

240

30

Cr, pg/C

10

0.90

2660

40

Cu, pg/C

10

0.75

1960

40

22000

80

Fe, mg/C

1.0

1.3

Mn, pg/C

100

0.70

1920

80

Ni, pg/C

10

0.80

4920

80

20000

80

0.80

6620

80

0.70

810

40

Pb, pg/C
Zn, pg/C
TOC, mg/C

1.0
10
6.0

1.2

C0: initial pore water concentration
Kd°: initial distribution coefficient
a: dimensionless salt washout characterization constant
5: lumped empirical constant
Oakland ranged from 30 to 80 C/kg and 40 to 150 C/kg for
the complete-mix and advection-dispersion models,
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respectively.

As was the case for Pinole Shoal parameter

estimates, initial distribution coefficients for the
complete-mix model were less than the initial distribution
coefficients for the advection-dispersion model.

Initial

distribution coefficients for Outer Oakland column 16 were
consistently larger than the initial distribution
coefficients for column 15.

Iron, manganese, nickel,

lead, and zinc in column 16 all had an initial
distribution coefficient of 150 C/kg, which was the
overall highest estimate for Kd°.

The salt washout

characterization constant, a, for Outer Oakland ranged
from 0.18 to 1.3 and 0.14 to 1.3 for the complete-mix and
advection-dispersion models, respectively.

The complete-

mix and advection-dispersion models provided similar
estimates of a, and there was no consistent trend for one
model to provide estimates greater than or less than the
other model.

The lumped parameter, 5, for Outer Oakland

ranged from 240 to 22,000 C/kg and 446 to 362,000 C/kg for
the complete-mix and advection-dispersion models,
respectively.

The estimates of 5 for the advection-

dispersion model were consistently higher than the
estimates for the complete-mix model.

Of the three

parameters (Kd°, cx, and 5) used to model the effect of
salt washout on the Outer Oakland elution curves, 5 showed
the greatest variability.
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Table 4.10
Fitted Parameter Values for Outer Oakland Sediment
and the Advection-Dispersion Model
Fitted Values
Column
00-15

00-16

5
(?/kg)

Cd, ug/?

C0
0.3

a.

0.14

446

36

Cr, jig/?

7.0

0.70

6310

67

Cu,

]ig/i

3.0

0.77

9950

68

Fe, mg/8

1.0

0.76

19000

68

Parameter

Kd°
(?/kg)

Mn,

]ig/i

100

0.50

1560

67

Ni,

\ig/i

25

0.50

1590

81

Pb, ug/0

0.5

0.93

36200

81

Zn,

]ig/i

5.0

0.78

10900

81

TOC,

mg/i

5.0

0.75

1340

81

Cd,

]ig/i

0.5

0.40

493

95

Cr, y.g/2

10

0.87

5720

95

Cu, fig/?

10

0.87

4235

114

1.3

34300

143

Fe,

mg/i

Mn,

]ig/i

100

0.75

3140

145

Ni, pg/e

10

0.95

7195

140

34300

140

0.90

9500

144

0.75

1560

86

Pb,

]ig/i

Zn,

]ig/i

TOC, mg/?

1.0

1.0
10
6.0

1.2

C0: initial pore water concentration
Kj0: initial distribution coefficient
a: dimensionless salt washout characterization constant
5: lumped empirical constant
Although there was no significant difference in the
goodness-of-fit for the complete-mix and advection211
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dispersion models, parameter estimates for 1^° and 5
differed.

The advection-dispersion model required larger

values for Kj0 and 5 for both sediments than the completemix model.

In addition, the parameter estimates for

Pinole Shoal and Outer Oakland sediments differed.

Model

fits for Outer Oakland elution curves required larger
values for K^3 and 5 than the model fits for Pinole Shoal
elution curves.
4.5. Discussion

4.5.1. Suspended Solids Physical and Chemical Properties
No physical property data on the suspended solids
leached from Pinole Shoal column 14 and Outer Oakland
column 16 were collected in this study.

However, a

particle size enumeration study was conducted on suspended
solids leached from Pinole Shoal and Outer Oakland
sediments that is described in Appendix C.

In the

particle size study, additional leaching columns were set
up for producing samples for particle size analysis using
a Coulter counter.

Mean particle sizes for suspended

solids from Pinole Shoal and Outer Oakland sediments were
typically around 5 to 6 pm.

Particle size distribution

were right-skewed, indicating the presence of larger-sized
particles that shifted the mean to the right of the median
(50th percentile). Median particle sizes were around 3 to
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5 pm, and modes (the size that occurred most frequently)
were in the range of 4 to 6 pm.
Colloids are defined as particles with diameters less
than 10 pm (Stumm, 1977; McCarthy, 1990) .

Thus, the

particle size study showed that the Pinole Shoal and Outer
Oakland sediments leached suspended solids as colloids.
The silicon, TOC, and iron analyses referred to in
section 4.4.2 are summarized in Table 4.11.

The available

chemical property data for the suspended solids eluted
from Pinole Shoal and Outer Oakland sediments indicate
that the colloids were primarily inorganic.

A comparison

of elemental analysis data with mineral composition can
provide information on colloid composition (McCarthy and
Degueldre, 1993).

For example, if the colloids were clays

with a typical molecular formula of Si4Al 2011, the expected
silicon content would be 33 percent.

The silicon analysis

data in Table 4.11 compared to this theoretical value
suggest that the colloids were principally clay minerals.
If the colloids were iron floes with a molecular formula
of Fe(OH)2, the expected iron content would be 77 percent.
Clearly, the colloids were not iron floes.

The low

organic carbon composition of the colloids suggests that
the organic matter occurred primarily as coatings on clay
particles.
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Table 4.11
Chemical Composition and Stokes Law Diameters
for Colloids Leached from Pinole Shoal
and Outer Oakland Sediments
Sediment
Column

Silicon
(%)

PS-13
PS-14

23.4

Iron1
(%)
*
3.2

Organic
Carbon1
(%)

2.4
1.3

7k

00-15
00-16

21.4

8.1

Stoke's
Diameter2
(pm)
1.9
2.2

2.6

1.8

x: Estimated from areas under elution curves; areas
obtained by numerical integration
2: See text
*: No suspended solids measurement

Table 4.11 also includes the results of Stoke's law
calulations.

Stoke's law was used to calculate a particle

size that the column average pore water velocities would
be expected to float.

Since the colloids were primarily

inorganic and probably clay particles, the specific
gravity of the sediment solids (Table 4.1) was used in the
calculations.

Also, the Stoke's law calculations used the

standard density and viscosity of water at 20° degrees C
(approximate ambient temperature of the laboratory). The
density and viscosity of salt water was not used because
the colloids eluted after the salt was completely washed
out.

The Stoke's law particle diameters were less than

the Coulter counter mean, median, and mode particle
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diameters, but still in good agreement with the Coulter
counter data considering the assumed specific gravity and
the Stoke's law assumptions of spherical particles and no
particle interactions.
The specific gravity of the colloids was probably
somewhat less than the specific gravities reported for the
sediment solids in Table 4.1 because the colloids were
enriched in TOC relative to the bulk sediment.

Pinole

Shoal eluted colloids were estimated to be 1.3 percent
organic carbon (Table 4.11), whereas Pinole Shoal sediment
was only 0.26 percent TOC (Table 4.2).

Similarly, Outer

Oakland eluted colloids were estimated to be 2.6 percent
organic carbon (Table 4.11), whereas Outer Oakland
sediment was only 0.60 percent TOC (Table 4.2).

It is

therefore likely that the average column pore water
velocities could float colloids of the sizes indicated by
the particle size study.
4.5.2. Complete-Mix Versus Advection-Dispersion
The F statistics (section 4.4.4) indicated no
significant difference in the goodness-of-fit for the
complete-mix (equation 4.11) and advection-dispersion
(equation 4.15) models.

The absence of a significant

difference in the ability of the models to simulate metal
and TOC elution curves for Pinole Shoal and Outer Oakland
sediments showed that modeling longitudinal concentration
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gradients due to advection and dispersion provided no
improvement in simulation capability.

The manner in which

column hydraulics were modeled was therefore unimportant
so long as advection was incorporated into the models, and
the goodness-of-fits were equivalent because the source
terms in the two models were equivalent.
Both models qualitatively captured the major feature
of the TOC and metals elution curves, that is, both models
simulated a rise and fall in TOC and metals concentrations
associated with salt washout.

Owing to the manner in

which the source term, as defined by equation 2 .2 , was
formulated in these models (section 4.2), this was
expected.

Clearly, classical source term formulations,

such as used to model column leaching of freshwater
sediments, would fail to simulate the estuarine sediment
elution curves. Evidently, the source term formulation
was the major factor affecting the ability of the models
to simulate leaching of estuarine sediments with low ionic
strength water.
4.5.3. Colloid-Metal Association
Since the leachates were not filtered prior to
analysis, it would be expected that the metal elution
curves would track the total suspended solids elution
curves.

The metal elution curves for Pinole Shoal column

14 and Outer Oakland column 16 followed the general TSS
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patterns for these two columns (Figure 4.6).

Newman et

al. (1993) also observed co-elution of metals with
turbidity causing colloids in laboratory soil column
studies.
TOC elution curves were obtained for both columns,
both sediments, and provide more information for
comparison for with metal elution curves.

The TOC curves

for Pinole Shoal columns 13 and 14 were not identical, nor
were the TOC elution curves for Outer Oakland columns 15
and 16.

The differences in metal elution curves for

Pinole Shoal columns 13 and 14 follow the differences in
TOC elution curves for these columns.

Similarly, the

differences in metal elution curves for Outer Oakland
columns 15 and 16 follow the differences in TOC elution
curves for these columns.

The close association of metal

elution patterns with TOC elution patterns suggests that
the metals may have been bound to the organic coatings on
the colloids.

However, metals can also adsorb and be

associated by ion exchange to clay minerals (Sposito,
1984).

In any case, metals release from the estuarine

sediments was facilitated by co-elution with colloids.
4.5.4.

Theoretical Implications

4.5.4.1. Delta and Lambda Parameters
The complete-mix model described by Lee et al.
(1993a) used a source term formulation for the salt
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washout effect that was based on observation and logic,
that is, it was not derived in the fashion discussed in
section 4.2.

The functional dependence of the

distribution coefficient on salt washout was written as
Lee et al. (1993a)

Kd

(T)

(4 .20 )

where Kd° is as previously defined, K,/ is the final
distribution coefficient after ionic strength has become
steady, and p is equivalent to the

cc

previously defined.

Equation 4.20 was based on inspection of desorption
isotherms similar to that shown in Figure 2.4 and the
following assumptions: (i) desorption of metals from
sediments is linear and equilibrium-controlled,

(ii) the

initial distribution coefficient is larger than the final
distribution coefficient, and (iii) as salt is washed out,
the distribution coefficient decreases, but not without
bound.

From equation 4.7, the difference Kd° - Kdf is

constant as assumed by Lee et al. (1993) and is given by

X

(4 .21 )
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Thus, the difference IQ0 - Kdf is a function of the initial
ionic strength and A, an empirical constant inferred from
Figure 4.1.
Lambda is the rate of change in IQ with respect to
ionic strength to the negative one-half power.

Lambda can

reasonably be expected to vary with the contaminant of
interest.

Lambda may also vary with initial ionic

strength because lambda actually models the tendency of a
specific sediment-colloid structure to undergo
destabilization with decreasing ionic strength.

In other

words, lambda depends on the sediment-colloid structure,
and initial ionic strength is a convenient and simple
characterization of that structure.
The lumped parameter delta in equation 4.21 would not
be expected to vary widely for a given sediment-colloid
structure.

Some variation due to variability in metal

sorption tendencies to colloids would be expected, but the
range of variation should not be several orders of
magnitude.

The ratios of maximum-to-minimum fitted deltas

for the Pinole Shoal elution curves (Tables 4.7 and 4.8)
were 1300 and 1293 for the complete-mix and advectiondispersion models, respectively, and the ratios of
maximum-to-minimum fitted deltas for the Outer Oakland
elution curves (Tables 4.9 and 4.10) were 71 and 73 for
the complete-mix and advection-dispersion models,
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respectively.

The ratios for complete-mix and advection-

dispersion models are close because the models are
equivalent in way the salt washout effect is simulated.
The overall range in deltas, however, is larger than
expected and implies a flaw(s) in the development of the
functional dependence of distribution coefficients on salt
washout described in section 4.2.
The starting model equation, equation 4.7, is an
equilibrium model, that is, changes in lambda are
instantaneous with changes in ionic strength.
Instantaneous colloid destabilization in sediments as a
result of decreasing ionic strength is not very likely.
The elution curves for TSS showed a lag between the time
the salt was eluted and the initiation of TSS release.
Destabilization of the sediment-colloid structure is
apparently rate limited and probably affected by the
interfacial dynamics of double-layer inteactions.
McDowell-Boyer (1992) also noted time-dependent
mobilization of colloids in response to changes in ionic
strength and suggested that the time-lag may be due to
redeposition phenomena.
4.5.4.2. Alpha Parameter and Initial Distribution
Coefficient
The alpha parameter was introduced in equation 4.7 as
an empirical coefficient characterizing the elution of
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salt.

For a given leaching column, alpha should be

relatively constant.

Initial distribution coefficients

should vary with differences in sorption for different
metals.

Thus, alpha and initial distribution coefficents

are not subject to variations in sediment-colloid
structure.
As expected, alpha varied over a small range for a
given column.

In addition, the range in alpha for all

columns was not very large.

Within sediment variation of

initial distribution coefficient was small.

There was

substantial variation between sediments, but this type of
variation is not entirely unexpected. Overall, the alpha
parameter and initial distribution coefficient were well
behaved.
4.5.4.3. Non-Equilibrium
A rapid decline from initial concentrations was
observed for several metal elution curves.

Similar rapid

declines that could not be modeled as equilibriumcontrolled desorption were observed for several freshwater
metal elution curves.

The discussion presented in section

3.5.2.2 considered the failure of retardation models to
simulate the early elution behavior of metals in
freshwater sediments as possibly due to (i) slow
desorption kinetics or (ii) diffusion-limited mass
transfer from solid surfaces to mobile water.
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It was

concluded that cadmium, chromium, sopper, lead, nickel,
and zinc in freshwater sediments may be bound in
geochemical phases with long equilibration times.
The considerations discussed in section 3.5.2.2 are
applicable to the leaching of manganese and nickel from
Pinole Shoal and Outer Oakland sediments and chromium from
Outer Oakland sediment.

The estuarine sediment leaching

models developed in this study were not structured to
simulate an early decline in metals and a salt washout
effect.

The models simulate no-net interphase transfer

between sorbed and aqueous phase metal concentrations
until sediment-colloid destabilization sets in, unless the
parameter b given in equation 4.13 is a large negative
number.

For b «

0, the advection-dispersion salt washout

model, equation equation 4.15, approaches equation 3.14
and simulates advection-dispersion with retardation, that
is, the model becomes the simple retardation model
presented in section 3.2.
4.5. Summary and Conclusions
Column leaching tests were conducted on two estuarine
sediments to obtain elution curves for total organic
carbon, total suspended solids, and selected metals.

The

elution curves showed that organic matter and metals bound
to colloids were released by destabilization of the
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sediment-colloid structure as salt washed out of the
estuarine sediments.
Two models were developed to simulate colloid
facilitated leaching of organic carbon and metals due to
the salt washout effect.

The models were formulated to

provide equivalent simulations of the salt washout effect,
but differed in the way advection and dispersion were
handled.

One model was based on the complete-mix

assumption, and the other model used a one-dimensional
advection-dispersion equation to simulate longitudinal
concentration gradients.

Fitted and measured elution

curves showed no statistically significant difference in
the two models.

The source term formulation for the salt

washout effect had a more pronounced effect on the ability
of the models to simulate leaching of estuarine sediments
than the hydraulic structure of the models.
A significant lag between the time salt was eluted
and the initiation of colloid release was observed.

This

time-dependent mobilization of colloids in response to
changing ionic strength could not be explained.

Although

the theory developed here is a major advancement over that
previously available, the inadequacy of the current theory
to account for the time lag in colloid mobilization
underscores the inadequacy of the basic understanding of
mechanisms controlling colloid release.
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CHAPTER 5
SUMMARY AND CONCLUDING REMARKS

This study investigated the leaching behavior of
freshwater and estuarine sediments in thin-disk leaching
columns under laboratory conditions.

Freshwater sediments

from Buffalo River, Buffalo, New York and Hamlet City
Lake, Hamlet, North Carolina and estuarine sediments from
Pinole Shoal near Richmond, California and Outer Oakland
Harbor, Oakland, California were tested.

Sediments were

placed at natural water contents in columns 25 cm in
diameter and 4 cm in length and leached in up-flow mode
with distilled-deionized water.

Flow was held constant at

pore water velocities on the order of 10'5 cm/sec with
positive-displacement metering pumps.

The column design

and operation were deduced from critical review and
evaluation of prior column leaching studies on dredged
material and sediments (Chapter 2).
Unfiltered column leachates were collected and
analyzed for total organic carbon (TOC), cadmium,
chromium, copper, iron, lead, manganese, nickel, and zinc.
Electrical conductivity and pH were also measured.
Samples for metals analysis were digested prior to
analysis.

The parameter list was deduced from review of

available field studies of leachate quality and migration
at confined disposal facilities for dredged material
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(Chapter 2) .

In addition to the above, total suspended

solids and silicon in ashed suspended solids were
determined on selected estuarine sediment column
leachates.
Tracer studies (Appendix A) were conducted on each
column to determine dispersion coefficients and effective
porosities. A separate particle size study (Appendix C)
was conducted on suspended solids released from estuarine
sediments.
Batch studies reviewed in Chapter 2 showed that
metals release from sediments follow a linear desorption
isotherm-

A retardation model based on the local

equilibrium assumption and linear desorption was derived
for simulating leaching of freshwater sediments (Chapter
3).

Since simple retardation models do not simulate the

tailing often observed in column studies, a variation of
the retardation model was derived to account for tailing.
This model simulated diffusion from immobile water
regions.

A linear concentration gradient and constant

aqueous-phase metal concentration at the immobile watersediment interface were assumed in the development of the
model.
Most of the observed metals elution curves for
Buffalo River sediment and a few of the metals elution
curves for Hamlet City Lake sediment showed a distinct
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tendency for tailing.

The model that simulated diffusion

from immobile water regions provided statistically
significant better goodness-of-fit to the observed curves
with tailing than the model that did not account for
diffusion from immobile water regions.

TOC and metals

leaching patterns in the freshwater sediments were
dissimilar.

The simple retardation model without

diffusion from immobile water regions provided better
goodness-of-fit to the measured TOC elution curves than
the model that included diffusion from immobile water
regions, although the differences were not statistically
significant.
The models failed to simulate the early elution
behavior of several metals in the freshwater sediments.
There was a very rapid decline from initial concentrations
for some metals that indicated minimal retardation and the
possibility of physical or chemical non-equilibrium.
Cadmium, chromium, copper, lead, nickel, and zinc appeared
to be bound in geochemical phases with long equilibration
times.
Review of batch and column leaching studies on
estuarine sediments indicted that metals leaching from
estuarine sediments follow a non-classical desorption
isotherm that is double-valued.

Distribution coefficients

determined in batch studies tended to decrease with
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elution of salt from estuarine sediments.

The functional

dependence of distribution coefficients on ionic strength
was derived from the Gouy-Chapman double-layer model
(Chapter 4).

This new formulation was incorporated into

two models for simulating column leaching of estuarine
sediments.

The models were formulated to provide

equivalent simulations of the salt washout effect, but
differed in the way advection and dispersion were handled.
One model was a complete-mix model, and the other model
was an advection-dispersion model.
The estuarine sediment elution curves showed that
colloid-bound organic carbon and metals were released by
destabilization of the sediment-colloid structure as salt
was eluted.

The TOC and metals elution patterns closely

followed the suspended solids elution patterns.

The

particle size study showed that the suspended solids
released from the estuarine sediments were colloids.

From

silicon analyses on ashed suspended solids and analysis of
the TOC and iron elution curves, it was deduced that the
colloids were probably clay minerals.
Fitted and measured TOC and metals elution curves did
not show a statistically significant difference in the
goodness-of-fit for the two models.

Apparently,

simulation of advection and dispersion provided no
advantage over the complete-mix model. Both models
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simulated the major feature of the elution curves, a
delayed pulse of colloids entrained in leachate flow.
However, the lapse between the time salt was eluted and
the initiation of colloid release could not be explained
on a mechanistic basis.

Also noted for some metals was a

rapid decline from initially high concentrations, similar
to that observed for the freshwater sediments.

The models

could not simulate this early elution behavior.
This study showed that the leaching of metals and TOC
from freshwater and estuarine sediments was fundamentally
different.

The difference was due to destabilization of

sediment-colloid structure during leaching of estuarine
sediment with low ionic strength water and subsequent
colloid-facilitated transport of metals and TOC.

The salt

washout effect described in this study can also be
expected to cause mobilization and transport of
hydrophobic organic chemicals in estuarine sediments.
The theory developed in this study for modeling
column leaching of sediments is a major advancement over
that previously available, and phemomenological models of
the type presented here for colloid-facilitated transport
may be satisfactory as design or operational tools.
However, the equilibrium approaches inherent in the models
fail to capture time-dependent processes apparent in the
data.

The models can sometimes be fitted to the observed
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data, but the validity of the fitted parameters is
uncertain, and the reliance on empirical, equilibrium,
coefficients to model rate-limited processes underscores a
critical weakness of the current predictive capability.
Additional research is needed on non-equilibrium
processes affecting the leaching of freshwater sediments
to determine if non-equilibrium is a chemical or physical
non-equilibrium.

This determination could be accomplished

by coupling elemental partitioning (Brannon et al., 1976)
with stop-flow column experiments (Brusseau et al., 1989).
Elemental partitioning studies as described by Brannon et
al. (197 6 ) would indicate the partitioning of metals into
various geochemical phases and provide measurement of the
fraction metal in various geochemical phases.

This

information is needed to determine the fraction metal in
interstitial water and reversibly bound phases.

Stop-flow

column tests as described by Brusseau et al. (1989) would
provide the information needed to confirm chemical non
equilibrium if indicated by elemental partitioning studies
or to show that non-equilibrium is physical if a chemical
non-equilibrium is not suggested by elemental
partitioning.
Additional research is also needed to identify the
mechanism(s) responsible for the time lag between elution
of salt and mobilization of colloids when estuarine
229
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sediments are leached with low ionic-strength water.
Basic research involving analysis of hydrodynamic drag and
lift forces, stagnation points, and differential re
deposition phenomena will probably be required to fully
explain and model time-dependent colloid mobilization.
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APPENDIX A
TRACER STUDIES
A. 1. Introduction

During transit from column inlet to column outlet, a
parcel of water can take many different paths involving
different travel times.

Differences in travel times

result from variations in path length and pore geometries
and give rise to variations in pore water velocities.
Thus, parcels of water entering the column at the same
time will arrive at the exit at different times.

For this

reason, water exiting a column is a mixture of parcels of
water taking different paths and traveling at different
velocities through the column.

This type of mixing is

referred to as mechanical dispersion (Freeze and Cherry,
1979).

Molecular diffusion is another process that mixes

and spreads contaminant concentrations in column pore
waters.
The traditional approach is to parameterize diffusion
and mechanical mixing with a single-valued dispersion
coefficient.

Although modeling of mechanical mixing with

a dispersion coefficient is not fully satisfactory
(Carrera, 1993) , especially at field scale, the approach
has been widely used in laboratory column studies for many
years (Parker and van Genuchten, 1984).

245

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Flow in sediment columns can also be nonideal due to
immobile water regions.

Immobile water occurs as sorbed

water, water in intraparticle pores, and water in
interparticle micropores.

In saturated media, the volume

of immobile water residing as sorbed or intraparticle is
usually small relative to the volume residing as stagnant
water in the micropores of particle aggregrates.

Studies

of immobile water effects on mass transport generally
focus on micropore water inside particle aggregrates or
dead-in pockets (van Genuchten and Wierenga, 1976).

Since

convection in aggregrate micropores is negligible, mass
transport is by diffusion resulting in breakthrough curves
with long tails that are inconsistent with the advectiondispersion equation (Bigger and Nielsen, 1962; Valocchi,
1985; Carrera, 1993).
Tracer studies were therefore conducted to determine
mean residence times, dispersion coefficients, and
effective porosities for each sediment column.
A.2. Methods

A.2.1. Chemical
Following the elution of metals, column exit-age
distribution curves were determined using conservative
tracers (bromide for estuarine sediments and chloride for
freshwater sediments) . Approximately 3 - 4 m( of
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concentrated tracer was introduced at the column inlet to
simulate a slug input.

Chloride and bromide

concentrations in the column eluates were measured
potentiometrically using selective ion electrodes (Orion
9417B for chloride and Orion 9435B for bromide), a single
junction reference electrode (Orion 90-10) , and an ionselective meter (Orion 720A).
A.2.2. Data Reduction
The methods described in Levenspiel (1972) were used
to reduce tracer data.

These methods calculate the first

and second moments directly from exit-age distribution
curves of tracer concentration.

The first moment yields

the mean retention time, and the second moment yields the
variance of the residence time distribution.
Levenspiel's (1972) equation for mean residence time
expressed in terms of dimensionless time instead of time
is as follows:
£

T

= ^

T.

^

C AT

* *

(A-i)

Ev.,,

where
CL

= tracer concentration, mg/8

T0ri = theoretical pore volumes eluted, dimensionless
ATe = theoretical pore volume interval, dimensionless
T = mean residence time, dimensionless
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Theoretical dimensionless time in equation A-l is based on
the total void volume, that is, total porosity.
Theoretical dimensionless time is defined as T0 = ut/L
where L = column length (4 cm), t = time (sec), and u =
average linear velocity (cm/sec).

The average linear

velocity, u, is based on total porosity and was obtained
from column operating records as the total flow divided by
the product of total time, total porosity, and
crossectional flow-through-area. Total porosity was
calculated from sediment water content and specific
gravity.
The mean residence times calculated using equation A1 were used to calculate effective porosities for each

column as follows:
n

=

nc U

(A-2)

- rl

Average linear velocities, u, were corrected for effective
porosity to yield the average pore water velocity, v.
The Levenspiel (1972) equation for the variance of
the residence time distribution with dimensionless time,
T, instead of time is as follows:

(A-3)
i

0 ,i

248

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

For closed vessels, variance is related to the dispersion
coefficient, Dp/ as follows (Levenspiel, 1972):

=2

( _p
D )
,

vLj

- 2

f Do

V 1

1 —V L )

- exp

-l
f _p
D 1

Equation A-4 was solved numerically using the NewtonRaphson method (Burden and Faires, 1985).
A .3. Results

Tracer exit-age distribution curves are shown in
Figures A.l through A. 8 . All the exit-age distribution
curves showed significant tailing.

A symmetrical bell-

shape curve is expected for a slug input subject only to
advection and dispersion.

The shapes of the tracer

elution curves were similar and suggested preferential
flow with significant back mixing and diffusion from
immobile water regions.
Average pore water velocities, dispersion
coefficients, Peclet numbers, mean dimensionless residence
times, total and effective porosities, and percents tracer
mass input recovered at the column exit are presented in
Table A.I.

Mean dimensionless residence times for half of
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Figure A.I. Buffalo River Sediment Column 1 Chloride
Tracer Curve.
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Figure A. 2. Buffalo River Sediment Column 2 Chloride
Tracer Curve
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Figure A.3. Hamlet City Lake Sediment Column 5 Chloride
Tracer Curve
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Figure A. 4. Hamlet City Lake Sediment Column 6 Chloride
Tracer Curve
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Figure A. 5. Pinole Shoal Sediment Column 13 Bromide
Tracer Curve
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Figure A. 6 . Pinole Shoal Sediment Column 14 Bromide
Tracer Curve
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Figure A. 7. Outer Oakland Sediment Column 15 Bromide
Tracer Curve
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Figure A. 8 . Outer Oakland Sediment Column 16 Bromide
Tracer Curve
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Table A.I.
Column Operating Parameters and Tracer Mass Balance
Porosity
Column

P

nt

n.

1.20

4.0

0.71

0.57

T

MB

BR-1

6.44

DP
6.37

BR-2

6.72

2.77

1.27

9.7

0.71

0.55

HL-5

3.86

3.33

0.99

4.6

0.81

0.80

99.9

HL-6

3.84

1.59

0.83

9.7

0.81

0. 67

92.7

PS-13

5.55

68.1

1.36

0.3

0. 64

0.57

91.2

PS-14

3.31

3.64

0.97

3.6

0. 64

0 .62

95.6

00-15

4.37

15.6

1.11

1.1

0.77

0.57

93.2

00-16

2.95

3.95

0.79

3.0

0.77

0 .60

94.8

V

97.5
103

v: average pore water velocity X E06, cm/sec
Dp: dispersion coefficient X E06, cm2/sec
MB: percent tracer input mass recovered at column exit
nt: total porosity, dimensionless
ne: effective porosity, dimensionless
P: column Peclet number, dimensionless
T: column mean resident time, dimensionless

the sediment columns were larger than one, and half were
less than one.

In an ideal system where effective

porosity is equal to the total porosity and pore flow is
uniform, the mean dimensionless retention time should be
1.

Values less than one indicate early breakthrough due

to preferential flow along discrete paths that conveyed
the tracer center of gravity faster than would be expected
in an ideal system.

The tailing in columns with T < 1
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indicate that tracer dispersed from preferential flow
paths into immobile water regions, and elution of this
fraction of the tracer mass tailed behind elution of the
tracer center of gravity.

Values greater than one

indicate a large reservoir of low-conductivity/immobile
water.

Dispersion of tracer into low-conductivity regions

and diffusion into immobile water slowed advancement of
the tracer so that the center of gravity did not elute as
soon as would be expected in an ideal system.

After

passage of the tracer center of gravity, dispersion from
low-conductivity regions and diffusion from immobile water
resulted in tailing.
Dispersion coefficients were on the order of 10“6
cm2/sec for most of the columns.

Dispersion coefficients

for two columns were on the order of 10"5 cm2/sec.

Columns

with the highest dispersion coefficients showed the most
asymmetry.

The shape of these curves suggested plug-flow

followed by significant back-mixing and diffusion from
immoblile water regions.
Column Peclet numubers ranged from 0.3 to 9.7.

The

column Peclet number is a dimensionless number that
represents the relative significance of convective and
dispersive transport processes.

The column Peclet number

is defined in equation A-5 (van Genuchten and Alves,
1982).
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(A—5)

where
Dp = column dispersion coefficient, cm2/sec
L = column length, cm
P = column Peclet number, dimensionless
v = average pore water velocity, cm/sec

When P £ 0.1, dispersive processes dominate conservative
tracer transport.
transport.

When P £ 10, advection dominates

When 0.1 < P < 10, both processes are

important in tracer transport.
Column Peclet numbers for all but one of the columns
were in the 1 to 10 range, indicating an intermediate
amount of dispersion.

The column with the highest

dispersion coefficient had lowest column Peclet number,
0.3.

Lack of symmetry and tailing account for the lower

column Peclet numbers in Table A.I.
Recovery of tracer input mass was generally good and
excellent for several columns.

Mass balance on the

tracers ranged from 93.2 percent to 103 percent.
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APPENDIX B
PHOTOGRAPHS

Over the course of this study a number of photographs
were taken to document various aspects of the column
leaching tests.
presentation.

Five photographs were selected for
Accompanying each photograph is a brief

description of key features shown in the photographs and
ancillary features that are hidden from. view.
The first two photographs. Figures B.l and B.2,
provide a photographic record of the elution of turbidity
and suspended solids from the estuarine sediment columns.
The photographs in Figures B.l and B.2 clearly show that
the elution of suspended solids from estuarine sediment
occurred well after the beginning of the column leaching
tests.

The last three photographs show the column

leaching apparatus in various stages of assembly.
Figures B.3, B.4, and B.5 are presented in the order of
leaching column assembly, beginning with a completely
disassembled column and ending with a sediment filled
column.
The photographs were taken by Mr. Gary Dill, Visual
Production/Photography Branch, Information Technology
Laboratory at the U.S. Army Engineer Waterways Experiment
Station, Vicksburg, Mississippi.
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Figure B.l Time Elution History of Suspended Solids in
Pinole Shoal Sediment Column Leachate.

Figure B.l is a photograph of the development of
turbidity due to an increasing suspended solids load in
column leachate.

Dimensionless time T begins near zero

with the left-most sample and increases to the right.
Note the absence of solids in the initial samples
collected, the rise to a peak, and the asymmetry of the
rising and declining limbs on either side of the peak.
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Figure B.2. Visual Inspection of Suspended Solids In
Pinole Shoal Sediment Leachate.

Professor Adrian inspects a sample.

This photograph was

taken while Professor Adrian was on sabbatical at the
U.S. Army Engineer Waterways Experiment Station.

While

on sabbatical Professor Adrian was directly involved in
the day-to-day conduct of this research project.
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Figure B.3. Leaching Column Components.

A disassembled leaching column is shown above.

To the

left is the sintered stainless steel, porous plate used
to distribute head.

Nominal pore size is 120 microns.

Plates were installed on the entrance and exit sides of
the columns.

In the center is an end-plate.

bottom end-plates were identical.

Note the concentric

and radial grooves used to distribute head.
is the column barrel.

Top and

On the right

All components were fabricated

from stainless steel by the machine shop at the U.S. Army
Engineer Waterways Experiment Station.

Stainless steel

was chosen because it is compatible with organics and
metals.

Plastics are incompatible with organics, and

glass is too fragile.
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Figure B.4. Partially Assembled Leaching Column.

A partially assembled leaching column is shown in the
above photograph.

Note the all-threads used to connect

top and bottom end-plates.

Hidden from view is a hole in

the table supporting the column.

The water reservoir and

pumps are mounted beneath the column.

Water was deaired

by boiling under vacuum at ambient room temperature.
Water was pumped in upflow mode through the column with a
constant volume discharge pump (Model QG6-2-SSY, Fluid
Metering, Inc., Oyster Bay, New York).

One pump was

dedicated to each column.
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Figure B.5. Sediment Filled Leaching Column.

This photograph shows a leaching column filled with
sediment and ready for placement of the top end-plate.
The column was leveled before filling.

The column was

slightly overfilled, and then the sediment surface was
leveled with a broad-edge.
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APPENDIX C
PARTICLE SIZE STUDY
C .1. Introduction

Water-borne natural colloids range in size between
0.1 and 10 ym (Stumm, 1977).

Recent investigations have

provided compelling evidence that colloid-facilitated
transport may be an important process affecting subsurface
migration of contaminants (Brownawell, 198 6 ; Enfield et
al., 1989; McCarthy, 1990; McDowell-Boyer, 1992; Gounaris
et al., 1993; McCarthy and Degueldre, 1993; Newman et al.,
1993; Gasser et al., 1994; Grolimund et al., 1996).
During the course of the estuarine sediment leaching
experiments described in Chapter 4, the elution of visual
turbidity and suspended solids was noted.
the observed turbidity was unclear.

The cause of

It did not seem

possible that sediment solids were carried upflow out of
the columns.

It was therefore hypothesized that the

solids were colloidal in size.

To test this hypothesis,

additional estuarine sediment columns were set-up to
detemine if the phenomenon was reproducible and to provide
samples for particle size analysis.
C .2. Methods

Four additional leaching columns were set-up, two for
Pinole Shoal sediment and two for Outer Oakland sediment.
Column apparatus, loading, and operation were as described
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in Chapter 3.

Flows were adjusted to be within a factor

of 2 of the flowsfor the columns described in Chapter
Samples were

collectedin 1 liter plastic bottles and

stored at 4° C until analyzed.
was determined on

4.

Particle size distribution

a CoulterLS 100 instrument equipped

with a fluid module capable of

measuring particles 0.4 to

900 pm.
C .3. Data Analysis

The Coulter LS 100 processed each sample and produced
a histogram of the particle size distribution and
calculated the following statistical parameters: mean,
median, mode, variance, skewness, and kurtosis.

These

parameters are defined below.
The mean is the first moment of the distribution and
is therefore highly dependent on the distribution.

The

median is the value at the 50th pecentile that splits the
distribution into two equal halves. The median is not
affected by the distribution as much as the mean.

The

mode is the value that occurs most frequently.
Variance is the second moment of the distribution and
is a measure of the spread or dispersion about the mean.
Skewness is the third moment of the distribution and
is a measure of the degree of distortion of the
distribution from symmetry about the mean.

In a
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symmetrical distribution, the values of the mean, median,
and mode coincide.

A distribution with a long tail to the

right of the mean is said to be positively skewed, and a
distribution with a long tail on the left of the mean is
said to be negatively skewed.
Kurtosis is the fourth moment of the distribution and
is a measure of the peakedness of the distribution.

The

normal distribution is the standard against which
peakedness is measured.
to as mesokurtic.

A normal distribution is referred

A distribution that is more peaked than

the normal distribution is referred to as leptokurtic.

In

a leptokurtic distrbution, most of the particle sizes are
close to the mean.

A distribution with a lower and

broader peak than the normal distribution is referred to
platykurtic.
C.4. Results
Figures C.l and C.2 are histograms typical of the
particle distributions in the leachate samples analyzed
with the Coulter counter.

The mean particle size

indicated in each histogram is about 6 ym.

The skewness

coefficient in each case was positive, that is the tail is
to the right of the mean.

A positive skeweness

coefficient indicates an enrichment of the distribution
with particles less than the mean particle size.
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Figure C.l. Typical Particle Size Distribution for
Outer Oakland Sediment Leachate Solids.
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Figure C. 2. Typical Particle Size Distribution for
Pinole Shoal Sediment Leachate Solids.
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1000

In Figures C.3 through C .6 the mean, variance,
skewness, and kurtosis are plotted versus pore volumes
eluted.

Overall, the data showed a slight trend toward a

decrease in particle size as the number of pore volumes
eluted increased.
columns.

This trend was consistent for all

Each sample analyzed had a positive skewness

coefficient.

Apparently there were many particles below

the instrlament1 s minimum of 0.4 pm.

All the particle

distributions were mildly leptokurtic, that is there were
more particle sizes near the mean than would be expected
for a normal distribution.
The particle size analysis showed that the suspended
solids eluted from the estuarine sediments were colloids.
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Figure C.3. Particle Size Statistical Parameters
for Outer Oakland Sediment Column A.
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Figure C.4. Particle Size Statistical Parameters
for Outer Oakland Sediment Column B.
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Figure C.5. Particle Size Statistical Parameters
for Pinole Shoal Sediment Column A.
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Figure C.6 . Particle Size Statistical Parameters
for Pinole Shoal Sediment Column B.
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